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Abstract
The clamp loader complex loads the circular sliding clamps onto the primer-template DNA
during replication, enabling the polymerase to copy an extremely large number of
nucleotides in a single binding event and enabling replication to occur with high speed and
fidelity. Previous studies on the structure of the clamp loader complex have provided
significant insights on the functions and interaction between various domains of its subunits
with the DNA and with other proteins of the DNA polymerase III holoenzyme. However,
previous methods of obtaining the structure of the clamp loader limited the information
required to truly understand the dynamic nature of this protein complex. With the help of
cryo-electron microscopy, a relatively new technique that helps to image molecules in their
native state by freezing them in thin vitreous ice, we study the structures of this protein
complex to gain more insights and observe the different dynamic states of this protein
complex, to be able to better explain the interaction between different subunits as well as
other replicative proteins, enzymes, and the DNA.
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Chapter 1
General Introduction
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1.1 The replisome and DNA replication
DNA replication is one of the most important life processes in which the entire genome of
an organism is duplicated prior to cell division and is necessary, therefore, for the growth
and reproduction of an organism. Replication is a very complex process and requires many
precise steps for it to be done efficiently. There are specialized proteins that have evolved to
carry out replication and have specific roles in various steps of the replication process.

DNA replication is carried out by a multiprotein complex called the replisome, which varies
in complexity between bacteria and eukaryotes (Baker and Bell 1998; Lewis et al. 2016). In
every cycle of replication, thousands to billions of nucleotides are being copied in a short
period of time. For the two strands of double-stranded (ds) DNA to be copied, they first need
to be separated, and the replisomal proteins that do this are the DNA helicases (LeBowitz
and McMacken 1986). The enzymes within the replisome that actually copy both strands of
the DNA of chromosomes are the DNA polymerases (Benkovic et al. 2001). They work by
progressively extending the 3’-OH ends of a DNA or RNA primer annealed to the
complementary DNA sequence in the template strand, incorporating nucleotides using the
complementary deoxynucleoside triphosphates (dNTPs) as substrates. In the bacterium,
Escherichia coli, the replicative polymerase is called DNA polymerase III holoenzyme (Pol
III HE), and it is made up of 10 different protein subunits (Xiao et al. 1995; Turner et al.
1999). Pol III HE has three subassemblies that can be assembled and studied separately, the
3-subunit polymerase III core (Pol III core), which carries out actual DNA synthesis, the 
sliding clamp, and the 7-subunit clamp loader complex (CLC) (Miyata et al. 2004). It is the
CLC that is the major focus of work described in this thesis.

The replicative DNA polymerases (e.g., the Pol III cores) by themselves are generally
distributive and can synthesize only ten or so nucleotides of complementary DNA before
they dissociate (Fay et al. 1981). The high degree of processivity required for efficient DNA
replication is achieved by the DNA polymerase associating with the ring-shaped sliding
clamp that slides along the template DNA, to which it remains associated by encircling it
(Stukenberg et al. 1991). This helps to effectively tether the polymerase to the DNA,
increasing the amount of continuous replication substantially to thousands of nucleotides
per binding event. In bacteria, the homodimeric ring-shaped sliding clamps, also known as
the  clamps, require an enzyme-catalyzed mechanism that opens them for assembly on
2

DNA and closes them around it (Kelman and O’Donnell 1995; Davey et al. 2002). These
enzymes also specifically target them correctly for interaction with the DNA polymerases
at sites (primer termini) where the DNA synthesis is initiated.

Such a feat is made possible by multi-subunit protein complexes known as clamp loaders.
The clamp loader complexes (CLCs) use ATP to open the sliding clamp rings and place
them around the 3’ end of the primer-template (PT) junction. The clamps are repetitively
placed at new RNA-primed sites on the lagging strand during DNA replication, where they
assist the efficient polymerase association for many initiation events throughout
discontinuous replication(Glover et al. 2001; Leu et al. 2003).

In E. coli the CLC is a protein complex within the Pol III HE, and is comprised of three
different core subunits , ’ and /, whose assembly forms a heteropentamer with
stoichiometry ’n(3–n) (where n = 0, 1, 2 or 3) (Monachino et al. 2020). The other two
subunits of the clamp loader,  and , are associated as a  complex with the core clamp
loader, but these subunits are not important for its assembly and there is limited evidence of
their roles in the clamp-loading activity (O’Donnell and Studwell 1990; Kelman et al. 1998;
Jarvis et al. 2005). The  and  subunits are encoded by the same gene, dnaX. The  subunit
is a shorter version of  produced by a programmed translational frameshift (Flower and
McHenry 1990). The  subunit is encoded as the full-length product and when it is present
within the so-called 3-CLC, binds with the Pol III core and helicase through its carboxyl
terminal extension, which effectively trimerizes the polymerase cores at the replication fork.
However, the carboxyl terminus of  is not required for clamp loading (Glover et al. 2001).
Therefore, the clamp loader composed of ’ (or -CLC) has been used predominantly in
the in-vitro study of the structure and function of bacterial clamp loaders.
Despite the clamp appearing as a symmetrical ring, the flat faces of the  ring are structurally
different. The association of polymerase happens with the face of the clamp from which the
C-termini protrude in prokaryotic as well as eukaryotic systems(Onrust and O’Donnell
1993; Ason et al. 2000; Simonetta et al. 2009). Therefore, it is important for the clamp loader
to correctly orient the clamp on the 3’ terminus of the primed site in order to interact with
the DNA polymerase. Remarkably, clamp loaders from both eukaryotic as well as
prokaryotic systems have interactions with the same face of their respective clamp as the
3

polymerase, thus meaning that the clamp loader must depart from the clamp for the
polymerase to function (Turner et al. 1999).
In the ATP-bound state of the CLC, the  subunit is exposed, allowing interaction with .
The subsequent opening of the sliding clamp is based on a presumption which comes from
different features observed in crystal structures of a complex between monomeric  and 
(Onrust and O’Donnell 1993; Glover et al. 2001) as well as the crystal structure of the sliding
clamp (Kong et al. 1992; Jeruzalmi et al. 2002). The / subunits of the CLC also interact
with the sliding clamp, but with much weaker interaction (Leu and O’Donnell 2001; Hedglin
et al. 2013).
The  subunit is extremely stable and its half-life on circular dsDNA is around 100 min at
37ºC (Leu et al. 2000; Yao et al. 2000). It is stabilized by a  sheet structure that is
continuous across both dimer interfaces of the  ring (its structure is described in detail in
Section 1.2). As the dimer is very stable, the efficient assembly of the clamp to the DNA
requires the CLC as well as ATP. The / subunits in the clamp loader is the motor that uses
ATP,  is thought of as the wrench that opens the clamp, and ’ is a stator that is inert (Yao
et al. 2006). Structurally, all of these subunits are members of the AAA+ family of ATPases,
but only the / subunits are capable of binding and hydrolysing ATP (Davey et al. 2002;
Kelch et al. 2012).
Of the unique three subunits of the 3-CLC,  is the only subunit that is capable of opening
the  clamp on its own. Where there is no ATP present, the 3-CLC only interacts weakly
with the clamp, which suggests that the  subunit is somehow hidden within the clamp loader
(Jeruzalmi et al. 2001; Leu and O’Donnell 2001). The binding of ATP to the CLC releases
the crucial clamp-binding elements of , as inferred from the  subunit’s ability to bind with
the  clamp in isolation (Turner et al. 1999; Leu et al. 2000) and also in the ATP-bound
CLC.
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1.2 Sliding clamps and clamp loaders are conserved in all organisms
The structures as well as the functions of the sliding clamps are conserved in organisms
which range from bacteriophages through to humans (Kong et al. 1992; Krishna et al. 1994).
The clamps always have toroidal, or ring-shaped structures, and dsDNA passes through their
center. The β clamp in E. coli and other bacteria is formed as a dimer of subunits, each
containing three similar domains, whereas in eukaryotes, the PCNA (proliferating cell
nuclear antigen) sliding clamps present as trimers (Kong et al. 1992; Miyata et al. 2004),
each with two domains with similar structures to those in the  clamp (Figure 1.1).

Figure 1.1: Crystal structures of the sliding clamps from various organisms are represented as cartoons
and surface representations with different colours highlight different subunits within each complex. The E.
coli clamp is a dimer of subunits with three domains each whereas the clamps of the yeast and
bacteriophage T4 are trimers of subunits with two domains each. Each of them has a central channel which
is lined with positively charged residues that allows the clamp to slide along the DNA. The structures were
obtained from PDB and their IDs are as follows: E. coli (PDB 2POL; Kong et al. 1992), Saccharomyces
cerevisiae (PDB 1PLQ; Krishna et al. 1994) and T4 bacteriophage (PDB 1CZD; Moarefi et al. 2000).

The interior surfaces of the sliding clamps are lined by basic residues, which is a conserved
feature, where they provide a complementary surface to the phosphate backbone of the DNA
which is negatively charged, allowing the clamp to slide freely along the duplex DNA
behind the progressing polymerase (Kelman and O’Donnell 1995; Hedglin et al. 2013). The
structures and functions of the clamp loaders are also conserved like the sliding clamps in
all organisms (Leu and O’Donnell 2001; Goedken et al. 2005). The clamp loaders are heteropentameric complexes of the AAA+ (ATPases associated with a variety of cellular activities)
family of proteins (see Section 1.3). The five subunits of the generalized clamp loader
complex (represented by the letters A–E) associate as a ring (Figure 1.2; Bowman et al.
2004). The stoichiometries of the subunits of the complex differ among organisms. The E.
coli complex is composed of one copy of δ (at position A), one copy of δ’ (at position E)
5

and three copies of the / subunits subunit (at positions B, C and D) (Jeruzalmi, O’Donnell,
et al. 2001; Simonetta et al. 2009).

Figure 1.2: Clamp loading cycle. Schematic diagram of the clamp loading cycle for the E. coli 
complex. When ATP is absent the clamp loader is prevented from binding to the sliding clamp. Upon
the binding of ATP, the subunits of the clamp loader undergo conformational change which enables
binding as well as opening of the clamp. The complex has a high affinity to the primer-template (PT)
junctions with 3’ recessed ends and when it recognizes a PT junction, it triggers ATP hydrolysis, which
results in loss of affinity of DNA and the clamp by the clamp loader and releases the closed clamp
around the DNA. (Reproduced from Simonetta and Robert, 2010).

1.3 The core subunits of the clamp loader are members of the
AAA+ family of ATPases
The AAA+ family of ATPases is a very large protein family which has a lot of highly
conserved structural as well as functional features (Neuwald et al. 1999). The AAA+
ATPases couple binding and hydrolysis of ATP to rearrangement of structures of various
target molecules within the cell. The AAA+ core, which is also structurally conserved in the
clamp loader subunits /,  and ’ (Erzberger and Berger 2006), consists of three domains
(Figure 1.3). The first two Domains I and II constitute the AAA+ module (Figure 1.3). The
conserved AAA+ module of the N-terminal domain of the clamp loader subunits is related
to the canonical RecA-like nucleotide binding fold which includes the Walker A/P-loop and
Walker B DExx motifs (Story et al. 1992). The Walker A motif is the primary feature which
is responsible for the binding of nucleotides. The P-loop, which consists of conserved basic
and polar residues as well as the α-helix which resides just after the P-loop to orient the
positive end of its helix dipole towards the P-loop, providing a positive electrostatic surface
for interaction with the negatively charged phosphate groups of the nucleoside triphosphate
(Lacabanne et al. 2020). The Walker B motif coordinates with a magnesium ion, which
participates in catalysis of NTP hydrolysis by activating a water molecule for a nucleophilic
attack (Snyder et al. 2004; Lacabanne et al. 2020). The N-terminal domain of the AAA+
6

module also contains the Sensor I motif that contains a polar residue, which is conserved
and coordinates the -phosphate of the bound NTP and also interacts with the Walker B
residue (Johnson et al. 2006). It is important for hydrolysis. In the N-terminal domain there
is a conserved motif of serine-arginine-cysteine (SRC), called the “arginine finger”, which
has no interaction with ATP bound to the subunit in which it is situated but interacts instead
with ATP bound in the adjacent subunit and thus plays a critical role in communication
between the subunits (Snyder et al. 2004).

Figure 1.3: Structure and conserved motifs of AAA+ proteins: The structure of AAA+ module (Domains
I and II) of the E. coli clamp loader from its  subunit is shown bound to the non-hydrolysable ATP
analogue, ATPS (PDB 1NJF; Podobnik et al., 2003). The structure on the right is a 180˚ rotated version
of the structure on the left. Two domains make up the AAA+ domain, a RecA-like nucleotide binding
domain (Domain I) and an -helical domain (Domain II) which forms a lid over the binding site of the
nucleotide. The motifs conserved in the AAA+ proteins are highlighted on the structure. Red: Walker
A/P-loop; green: Walker B; blue: sensor I; yellow: sensor II; purple: SRC helix. The functional residues
from the  subunits within these motifs are shown as sticks.

Domain II is a small -helical domain which is unique to AAA+ ATPases and forms a lid
at the site in the domain where the ATP binds (Glover et al. 2001). In this domain the
conserved Sensor II motif is present, which positions the end of the positive helix dipole
towards the phosphate binding site in Domain I and also coordinates the -phosphate via an
arginine residue that is conserved. The clamp loader subunits additionally contain an
association domain C-terminal to the AAA+ module, Domain III. When the clamp loader is
intact, the association domains from the five different subunits of the clamp loader complex
assemble together into a tight, circular ‘collar’, which holds the complex together (Jeruzalmi
et al. 2001).
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While there is structural homology to AAA+ proteins, not every clamp loader subunit retains
the generally conserved feature described above. Depending on the subunit’s identity and
its location within the assembly of the clamp loader, some of the subunits of the clamp loader
have ATP binding sites that are degenerate and some lack the residue of the arginine finger
that indicates the loss of functionality in these motifs of the clamp loader (Seybert et al.
2006). In the E. coli 3-CLC, only the  subunits have functional binding and hydrolysis sites
for ATP whereas the  and ’ subunits lack ATP binding activity(Jeruzalmi et al. 2001;
Seybert et al. 2006). The  subunits as well as ’ subunit in the 3-CLC have the conserved
arginine finger retained whereas the δ subunit does not (Snyder et al. 2004).

One of the common features of AAA+ proteins is the formation of ATP-dependent
oligomeric structures. They can range from closed hexameric ring structures, which is
typified by the N-ethylmaleimide sensitive factor (NSF) to spiral structures that are open
ended, as present in bacterial DnaA oligomers (Erzberger and Berger 2006). Despite the
oligomeric arrangement being different in the AAA+ complexes, the basic principles of
oligomerization are shared by all: formation of their complex results in bipartite ATP
binding sites formed at the interfaces between subunits. One subunit is bound to the
nucleotide at its P-loop element while the adjacent subunit contributes residues that
coordinate the -phosphate group present in the nucleotide as well as the residues in the
nucleotide-bound subunit. One important residue which contributes to phosphate
coordination by the adjacent subunit in the arginine residue of the SRC motif, which is
highly conserved and is termed the ‘arginine finger’. The arginine finger coordinates the phosphate of the nucleotides and is believed to play a role in sensing of nucleotide binding
by the adjacent subunit as well as catalysing hydrolysis (Snyder et al. 2004; Johnson et al.
2006).

The function as well as the importance of the arginine finger residue in the clamp loading
function has been studied many times (Johnson and O'Donnell, 2003; Snyder et al. 2004;
Johnson et al. 2006; Seybert et al. 2006). These studies have indicated that arginine fingers
are not necessary for the binding of ATP but are required instead in the later steps of the
clamp loading process. When the arginine fingers are mutated to alanine in the E. coli 3CLC, the clamp loader complex has reduced primer-template and clamp binding activities,
which indicate that these residues play an important role in conformational changes that
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include ATP binding and also allow the clamp loader to recognize both the DNA as well as
the clamp (Johnson and O'Donnell, 2003; Snyder et al. 2004). These mutations also
compromise the ATPase activity, which confirms the role of arginine fingers in the
hydrolysis of ATP. Mutations in the arginine finger in the Archaeoglobus fulgidus RFC as
well as S. cerevisiae RFC results in clamp loaders that are not able to load clamps onto the
primer-template DNA (Johnson et al. 2006; Seybert et al. 2006).

1.4 The mechanism of clamp loading requires the hydrolysis of ATP
The mechanism of clamp loading by which the clamp loader assembles the β clamps onto
the DNA at the primer-template (PT) junction has been studied by using various clamp
loader systems from organisms like E. coli, T4 bacteriophage and yeast. The -complex from
E. coli was the first clamp loader system to be well understood. The -complex does not
associate with the sliding clamp in the absence of ATP (Naktinis et al. 1995). The binding
of ATP to the ATPase subunits of the clamp loader causes changes in the conformation in
the complex which enables the binding of the clamp to the clamp loader complex (Naktinis
et al. 1995; Hingorani and O’Donnell 1998).

The clamp loader complex as well as its complex with the sliding clamp have high affinity
for PT junctions. The binding of the clamp loader to the PT junction induces a change in
conformation which activates the ATPase activity of the clamp loader which leads to a loss
of affinity for both the DNA and the clamp and release the closed clamp around the DNA
(Hingorani and Donnell 1998; Turner et al. 1999). Thus, the binding of DNA to the clamp
loader initiates immediate ATP hydrolysis and release of the sliding clamp. The quick
release when once bound to DNA is important for high-speed replication of the DNA as the
polymerase and the clamp loader have overlapping binding sites on the sliding clamps. The
clamp loader must release the clamp in order to allow the polymerase access so that
replication can proceed (Turner et al. 1999; Ason et al. 2000). Studies of the clamp-loader
clamp systems in eukaryotic and T4 phage have outlined the same general mechanism in
which ATP is required for the binding and opening of the clamp by the clamp loader and the
recognition of DNA triggers ATP hydrolysis as well as the release of the clamp (Gomes and
Burgers 2001; Pietroni et al. 2001; Pietroni and von Hippel 2008).
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The specificity of the clamp loader for loading the sliding clamps at the 3’ end of the primer
is one of the aspects of the clamp loading reaction which has been studied extensively. There
are multiple experiments which have demonstrated that the stimulation of ATPase activity
as well as clamp loading requires the recognition of the PT junction by the clamp loader,
specifically a structure where there is a 3’-recessed end on the primer strand and a 5’overhang on the template strand (Yao et al. 2000; Ellison and Stillman, 2003; Ason et al.
2003). The importance of this specificity is to load the sliding clamps in proper orientation
to allow formation of a complex that is productive with the polymerase. As the sliding
clamps are formed as a head-to-tail multimers, the two faces of the sliding clamps are distinct
with only one of the faces containing the clamp loader/polymerase binding site. The clamp
must present this face towards the 3’ end when loading at the PT junction, which is the end
that is to be extended by the polymerase, so that when it is bound, the polymerase is in a
correct orientation and can extend the primer (Hedglin et al. 2013). The mechanism by
which the clamp loader-clamp complexes distinguish the two ends of the PT junction has
not been fully understood.

1.5 Structures of subunits of the E. coli clamp-loader complex
1.5.1 The  and  accessory subunits
The chi () and psi () subunits (Figure 1.4) are accessory proteins in the clamp loader
complex and they aren’t directly involved in the loading of the  clamp. These two proteins
form a heterodimer whose association with the clamp-loader machinery is ATP dependent.
In E. coli this heterodimer serves as a bridge between the single-stranded DNA-binding
protein (SSB) and the clamp loader complex; SSB interacts directly with  (Glover and
McHenry 1998; Simonetta et al. 2009). The genes that encode the  (holC) and  (holD)
proteins are found in some, but not all, bacterial genomes (Glover and McHenry 1998) and
are readily identifiable (Jarvis et al. 2005). The sequence alignment of these subunits also
showed that the interface between them is highly conserved in both the subunits, which
suggests that the heterodimeric interaction is of significance in terms of their functions. The
conservation of the surface exposed residues is limited to the interfacial region and only two
other regions in the : complex (Xiao et al. 1993; Anderson et al. 2007).
Located in , one of the conserved regions was found to be distal to the interaction region
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of  and was identified as the binding site for C-terminal segment of SSBs (Gulbis et al.
2004). The other region that is conserved is localized to an N-terminal region of the 
subunit, which is disordered in the : crystal structure but was later shown to be responsible
for binding the  subunits in the core CLC structure.
The  and  subunits form an elongated heterodimer (Figure 1.4) and crystallizes with two
dimers in the unit cell. The conformations of the two crystallographically autonomous :
complexes were identical except for a minute difference in the tilt angle between the two

Figure 1.4: Structure of the χ:ψ heterodimer. (A) A ribbon diagram of the χ:ψ heterodimer crystal
structure. The ψ is coloured cyan and sits at the top of the χ. The χ is coloured green and the stretch
of residue in the ψ-binding site is coloured red. (B) Enlarged view of the loop region of χ and its
interaction within the cleft of ψ. (C) Rotated view of the surface of ψ to show the cleft between α1
and α4 which makes up the χ-binding surface. (Reproduced from Gublis et al. 2004).

subunits (Gulbis et al. 2004). Both subunits have central, parallel -sheets which are
connected to the -helices. Although neither the  nor the  subunit binds to nucleotides,
the folds of the proteins are similar to the mononucleotide () or dinucleotide () binding
protein folds, and they have no marked similarity to the structures of the clamp loader
subunits.
The : complex binds to SSB, which is an interaction that is further strengthened by the
SSB binding to the single-stranded DNA (ssDNA). The  subunit interacts with the C11

terminal domain of SSB, which helps to promote processive elongation and also the loading
of the sliding clamp (Kelman et al. 1998). The  subunit however does not bind directly to
any other clamp loader proteins so the  subunit acts as a bridge that helps to connect to
other subunits of the clamp loader (Xiao et al. 1993). The SSB also interacts with primase
during the replication of DNA and the primase is responsible for synthesizing lagging-strand
RNA primers for further extension of the DNA. Since primase makes primers in the reverse
direction to replication fork progression, its activity could slow the overall rate of fork
progression. To avoid this happening, the  subunit can out-compete primase and bind to
SSB, thus participating in a primase-to-polymerase switch on the lagging strand, which
contributes to the recycling of the primase (Kelman and O’Donnell 1995; Gulbis et al. 2004).

1.5.2 The  and ' (wrench and stator) subunits
The  subunit has three separate domains and each of those domains closely relates to the
corresponding domain of the ’ stator, which was first individual subunit in the CLC whose
structure was determined (see Figure 1.5 for a comparison) (Jeruzalmi et al. 2001). The Nterminal domain of  (residues 1 to 140, Domain I) has a six-stranded -sheet, which is
surrounded by five -helices. It has a fold that resembles that of nucleotide-binding domains
of many AAA (RecA-like) and AAA+ proteins (Neuwald et al. 1999). The 64 residues of
the core region can be superimposed between the  and ’ subunits with a RMS deviation
of 1.8 Å in the C position. A zinc binding module, which has no known function in the
structures of ’ and , is not observed in  (Jeruzalmi et al., 2001).
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Figure 1.5: Structure of the δ subunit. (A) Representation of the δ subunit’s backbone structure, from one of
the structures of full-length wild-type δ bound to the monomer of  (B) The structure of the δ’ subunit (PDB
1A5T; Guenther et al., 1997). (C) A schematic representation of the secondary structure of the elements of the
δ, δ’ and  subunits of the clamp loader (Jeruzalmi et al., 1997). Elements that are unique to the δ subunit are
coloured violet. (Reproduced from Jeruzalmi et al., 2001).

Domain II (residues 141–210) is a bundle of four helices that is slightly larger in size than
its equivalents in ’ and  because of the addition of two -strands and a helix. Domain III
has an additional helix as well but other than that it is similar to ’. The two Domains I and
II when together resemble the core structure of a typical AAA+ ATPase; many of these form
assemblies that are hexameric and contain a single type of subunit, for example the NSF
protein which is involved in vesicle fusion (Lenzen et al. 1998; Yu et al. 1998). The linker
between Domain II and Domain III of  is more flexibly oriented. For example, the relative
orientation of Domains III of the  and  subunits in the CLC is different from that of the
: complex (Figure 1.6), in that the Domain III is rotated by an angle of approximately 90º
compared to the orientation that we see in either of the two complexes in the asymmetric
unit cell of the : crystals.
The evolutionary relationship observed between ’,  and the eukaryotic clamp loader
replication factor C (RFC) subunits did not initially extend to include the  subunit of the E.
coli CLC, as the sequence was too dissimilar (Cullman et al. 1995; O’Donnell et al. 1993).
The structural alignment indeed shows that the sequence identity is only 6–8%. However,
the structural correspondence, which is very close between  and ’ makes it reasonable to
assume that  is also derived from an ancestor which is common to all the other clamp loader
subunits.
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Figure 1.6: Structure of the :δ complex. (A) View along the edge of the  ring centred on Domain II of . (B) The
intermolecular interaction involving the Domain 3 of  . The structures in colour are the  and the δ subunits from
the crystal structure. The reference  monomer is shown in grey, taken from crystal structure of the dimeric  (PDB
2POL; Kong et al., 1992). (Reproduced from Jeruzalmi et al. 2001).

Out of the three domains of the  subunit, only the N-terminal Domain I is involved in the
interaction with β (Figure 1.6, Turner et al. 1999). The elements on δ which interact with β
are restricted to the region which is distal to the connector between the Domains I and II.
The interaction between the δ and β subunits does not involve the interface of the β dimer
directly and is restricted to one face of the β ring. The head to tail nature of formation of
dimers means that the two faces of the β subunit rings are different, and it is the face from
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which the C-terminal region of the β subunit protrudes that binds to .
The N-terminal domain of the δ subunit (Figure 1.6) resembles a wedge that is triangular
when it is viewed along the edge of the β-sheet in the center. The wedge’s tip is formed by
the N-terminal ends of the of the two adjacent β-strands as well that the loops that precede
them. The wedge of the Domain I tip is inserted into the cleft in between the Domain II and
Domain III of the β subunit. The core of the interface involves the three hydrophobic
residues in δ, which are Met-71, Leu-73 and Phe-74. Additional interactions between δ and
a loop in β is present in Domain 3 of β, which extensively restructures that loop. This change
in the conformation of β is important in the mechanism of ring opening. While δ doesn’t
interact directly with the dimer interface in β, there are changes in the structure of the dimer
interface that can be linked to the interaction with  (Jeruzalmi et al. 2001). The formation
of the dimer in β involves an -helix and a β-strand at the edge of the Domain 3 that are
packed against the elements that correspond to Domain I of the other β monomer in the
dimer. To maintain the dimer interface, as seen in the structure of dimeric β, the 1” helix
is distorted from its ideal helical geometry. The last of the three residues of this helix (Ala271, Ile-272 and Leu-273) are kinked after unwinding so that the side chains of the Ile and
Leu are able to fit in the hydrophobic pockets which is at the surface of the Domain 1 of the
second monomer of β.
In the structure of β in the β:δ complex, the helix 1” of Domain 3, which is distorted in the
structure of the dimeric , remains undistorted. The C residue positions at 271, 272 and
273 are shifted by 1.6, 2.5, and 3.8 Å, respectively in comparison to their position in the
dimeric β. This prevents a well packed interface at the dimer from forming as these side
chains would clash with the surface of the Domain 1 of the other β monomer.

1.5.3 The  (ATPase) subunits
Crystal structures of the  subunits (Domains I and II) of the AAA+ module in different
nucleotide bound states (ADP, ATPS and apo) have allowed the identification of the intrasubunit changes in conformation which take place upon ATP binding (Jeruzalmi et al. 2001).
When the nucleotide is absent, Domain II of the AAA+ module is closed over the Domain
I’s nucleotide binding site. The binding of nucleotide results in the Domain II undergoing a
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rotation of ~10˚ which opens the binding site of the nucleotide and allows it to bind. The
phosphate group of the nucleotides are coordinated by the conserved arginine residue in the
sensor II motif (Johnson et al. 2006).

1.6 First structure of the E. coli 3-clamp-loader complex
As noted earlier, the  and  subunits of the clamp loader complex are encoded by the same
dnaX gene. The 71-kDa  subunit is the product of the full length dnaX gene whereas the
47-kDa  subunit is a truncated product (Flower and McHenry 1990; Glover and McHenry
1998). The  subunit is 24 kDa smaller than  and lacks the C-terminal Domains IV and V
that are present in . The last C-terminal Domain V is structured and interacts tightly with
the  subunit of the Pol III core polymerase. Domain IV appears to be unstructured and
interacts with the replicative DnaB helicase. Neither Domain IV nor V is necessary for clamp
loading and a clamp loader composed of three  subunits,  and ’ (the -complex or the 3CLC) is fully functional with respect to its clamp loading activity, though not in DNA
replication because the tail of  at the C terminus contains binding sites for the polymerase
catalytic subunit and helicase, and it has an important role in the communication as well as
organization within the replication fork.

The first structure of an intact clamp loader complex was a crystal structure of a unliganded
E. coli -complex (Jeruzalmi et al. 2001). This structure made it definitive for the first time
that the clamp loaders are pentameric assemblies. The five subunits of the complex (three
copies of  and a copy each of δ and δ’) are held together by their C-terminal domains
(Domain III) that are associated tightly (Figure 1.7). This domain is unique to clamp loaders
among the AAA+ family. The five Domains III form a circular scaffold, which is termed the
‘collar’, from which the AAA+ modules of each of the subunits (Domains I and II) are
suspended. While in unliganded form, the AAA+ domain configures into a very asymmetric
arrangement with respect to each other such that the formation of bipartite, interfacial ATP
binding sites observed in other AAA+ complex structures are not seen.
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Figure 1.7: Crystal structure of the unliganded  complex from E. coli (PDB 1JR3; Jeruzalmi et al. 2001).
The pentameric clamp loader complex is held together by the ‘collar’ domains’ association. On the left is the
structure of the entire complex and on the right is an orthogonal view to that on the left with the collar domains
removed. This view shows the asymmetric arrangement of the AAA+ domains when ATP is not present and
also the lack of apposition of the SRC helices with the ATP binding site of the subunits adjacent to it.

The crystal structure of the  subunit bound to a β subunit by itself (Figure 1.6) solved
concurrently with the structure of the -complex (Figure 1.7) helped to provide insights into
the mechanism by which the clamp loader opens up the β clamp (Jeruzalmi et al. 2001). The
biochemical analysis of the clamp loader-clamp interaction had showed that δ is the primary
contact between the β clamp and the clamp loader and that the binding of δ to the clamp
alone was not enough to open the clamp. This was inferred from the δ subunit’s ability to
unload the β clamps from the DNA by itself (Naktinis et al. 1995). The crystal structure of
the  subunit bound to the β clamp monomer showed that the N-terminal domain (Domain
I) of  interacts with the surface of the β clamp by a set of hydrophobic interactions at an
interface of the domain within one subunit of the clamp. The binding of the δ subunit to the
monomer of β induces a conformational change in the β clamp such that when compared to
the structure of the wild type β clamp, the subunit has a minimized curvature. The
inconsistency of this conformation of the clamp with the formation of a closed ring from
two monomers led to a theory that proposed that  binding leads to clamp opening by
inducing or trapping this conformation of the clamp. Thus, examination of the two
structures, the unliganded -complex and the δ:β complex helped to create a much more
straightforward understanding of why the clamp loader is unable to bind and open the clamp
in the absence of ATP.
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The studies aimed at evaluating the conformational changes in the structure in the -complex
which occur upon ATP binding have provided limited insights into how the clamp loader
loads . While crystal structures are important as they help to understand the conformational
changes that occur in the subunits of the clamp loader during the ATPase cycle, they are not
able to provide much insight into the inter-subunit conformational changes that occur during
nucleotide binding.

1.7 Scope of this thesis
Extensive studies have been done on the replisome of E. coli and numerous structures of
many proteins involved in replication have been determined. These structures have been
obtained predominantly with the help of X-ray crystallography. While X-ray crystallography
has been very successful in providing us with high-resolution structures, which have helped
us to understand the structures and functions of the clamp loader complexes and their
subunits, and other replisome components, all these studies have required crystallizing the
proteins. Usually, there had been several steps involved to stabilize and then crystallize the
protein, almost always in a single conformational state, and crystallization of multiple
conformational states is rarely achievable. This has left a blind spot where we have not been
able to truly understand the dynamic nature of the proteins. Also, the field of data processing
and processing software have had much development, which can now be used to process
and make sense of data at a much faster rate and in a much simpler manner.

In this project, we have been able to obtain the first ever high-resolution structures of the
complete E. coli clamp loader complex using cryo-electron microscopy. This opens a new
way to study the proteins in the clamp loader complex and understand its dynamic nature.
Nevertheless, the structure of the -CLC on primer-template DNA in the presence of a
nucleotide analogue reported in the thesis did not give us much extra information compared
to the equivalent structure of the 3-CLC determined by X-ray crystallography. In spite of
this, our new structure paved the way for more complex CLC structures, which include the
clamp bound structure in both open and closed states (Xu et al., unpublished).
This project also gave me an insight into the capabilities of this technique and with the cryoEM community increasing at a significant rate, along with development in software,
microscopes, cameras and tools, cryo-EM studies have already started to dominate the realm
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of structural biology and given new ways in which we can study proteins in their native state
as well as to study the conformational dynamics of proteins.

For the purpose of this project, all the proteins I have used to perform the experiments have
been isolated and assembled by Drs Zhi-Qiang Xu and Slobodan Jergic.

In Chapter 2, I report on the experiments I did using surface plasmon resonance and how we
went about testing conditions under which the CLCs and other proteins bound properly and
stably to primer-template DNA, thus optimizing conditions for preparation of suitably stable
samples for cryo-EM studies.

In Chapter 3, I present how my new CLC structure was obtained through multiple
experimental and computational steps using cryo-EM, and report the final refined structure.

In Chapter 4, I analyse the similarities and differences that were observed in the cryo-EM
model and maps of the 3-CLC on PT DNA, in comparison with the reported crystal structure
of a similar complex of the 3-CLC (without ) and also a model processed by Dr Zhi-Qiang
Xu which has the  clamp loaded in the clamp loader complex (unpublished data).
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Chapter 2
Surface Plasmon Resonance Study of the Stability of Clamp
Loader–Clamp Complexes
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2.1 Introduction

Surface plasmon resonance (SPR) biosensor technology is a powerful optical detection
technique for studying label-free biomolecular interactions in real time within a variety of
diverse applications such as life science, electrochemistry, food and environment safety and
beyond. Due to its simplicity, nearly every commercially available SPR instrument uses a
detection scheme called the Kretschmann configuration (Figure 2.1; Alleyne et al. 2007). In
this setup, a light source passes through a prism, reflects off the back side of a gold sensor

Figure 2.1: Kretschmann SPR configuration showing the various components of how the SPR
functions. The most commonly used base layer is dextran but other layers are used to
immobilize the ligand on the surface of the gold chip depending on the nature of the material
(figure reproduced from Kalograiaki, 2017).

surface and into a detector (Kalograiaki, 2017). At a certain incident angle known as the
resonance angle, light is absorbed by the electrons in the gold film of the sensor chip which
makes them to resonate. These resonating electrons are also known as surface plasmons
(Pockrand and Raether 1977), which are sensitive to their surrounding environment. The
result is a loss of intensity in the reflected beam which appears as a dark band and can be
seen as a dip in the SPR reflection intensity curve. The shape and location of the SPR dip
can then be used to deliver information about the sensor surface. SPR technology is
commonly utilized for the study of molecular binding interactions between free analyte
molecules in solution and probe molecules that are linked to or immobilized onto the sensor
surface. As a molecular binding event takes place, the angular position of this dark band
shifts and a shift in the reflectivity curve can also be observed. This is a direct method of
detection, which avoids the drawbacks of the use of labels. The instruments’ software
converts the angle of the “SPR dip” into a response (response unit, RU), which is directly
proportional to the mass of ligands bound very close to the surface.
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Another powerful aspect of the SPR technology is its ability to observe the time dependence
of binding interactions between molecules (Figure 2.2). By monitoring the change in SPR

Figure 2.2: Representation of responses produced in a sensogram during SPR: Sensorgram showing
various stages of interaction between the analyte and the ligand during a typical SPR experiment and
how it corresponds to the response, which is visualized in the sensorgram (figure reproduced from
Kalograiaki, 2017).

response over time, scientists can study the kinetics of molecular binding events. For
example, when an analyte with low affinity to the immobilized ligand on the sensor surface
is introduced, insignificant binding interaction is observed. However, when an analyte with
higher affinity to immobilized ligand is introduced into the system, real time binding events
can be observed.

Initially, many binding sites are available, resulting in a rapid increase in SPR response that
occurs as analyte begins to bind to the ligand. While the sample is continually delivered to
the sensor surface, analyte molecules continue to bind, and the number of available binding
sites decreases corresponding to a decrease in binding rate. As the SPR response levels off,
the system approaches equilibrium and the number of molecules that bind and unbind
become equal. When no more analyte is introduced to the system, the molecule will continue
unbinding, resulting in a decrease in SPR response. The second-order association rate
constant (ka) can be extracted from the behavior of the binding response and likewise the
dissociation rate constant (kd) can be obtained from the unbinding response. The ratio of
these two rate constants can yield the binding affinity (Kd = 1/Ka) of the system.

However, in cases where the analyte is a large molecule, there will be effects of mass
transfer. At different times the diffusion of the analyte from the bulk solution to the surface
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of the chip will be slower than ligand binding. This results in the kinetics of binding
measured by SPR become apparent as they not only depend on the association and
dissociation of the analyte with the ligand but also factors like the density of the binding
sites, geometry as well as the varied local surface concentration of the analyte (Glaser, 1993).
The information that can be obtained from SPR serves as a simple, precise and label free
technique for quantitative analysis of molecular binding interactions, but it needs to be
interpreted cautiously.

One of the main ways by which SPR is performed is by immobilizing the ligand on the
surface of the chip and there are two different approaches that are used to carry out this
immobilization. One of the methods uses a direct immobilization approach in which the
ligand is covalently bound to the surface, for example by formation of amide bonds with
surface lysine side chains of a protein ligand. This method is convenient as it works with
unmodified proteins. However, the drawback is that the immobilized ligand may be oriented
heterogeneously and more importantly, the active binding site on the ligand may have been
occluded. These could affect the overall results and produce errors in determining binding
parameters and hence could make the overall experiment unreliable. There might also be
cases of improper as well as unspecific binding, which could give a very different result.

Another method used in immobilization of ligands to the surface of SPR chips is orientation
specific and it utilizes an affinity capture approach, one of which could be implemented
using streptavidin (SA) as the capturing molecule. The SA can be coupled to the surface of
the carboxylate-substituted (CM5) sensor chip and could capture a biotinylated ligand
captured via the very strong SA-biotin interaction whose Kd is in the fM range. This
interaction is extremely stable and is essentially irreversible during the time frame of the
measurements. While this approach requires more time since the preparation of a
biotinylated ligand is required, it does offer more control over the immobilization process
as the ligands are oriented in a homogenous manner, and generally produces more reliable
SPR data.

SPR was performed to test the stability of the proteins of the clamp loader complex on a
primer-template DNA in the presence of an ATP analogue as protein-DNA complexes with
higher stability are more likely to provide better imaging when going through the plunge
freezing process in sample preparation for cryo-EM. It also provides us the association and
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disassociation time of the proteins, which helps to predict the time at which to mix the
proteins before using them for grid preparation.

2.2 Materials and Methods

2.2.1 Proteins and oligonucleotides
All proteins were prepared by Dr Slobodan Jergic and his colleagues at the University of
Wollongong, using published methods as follows: the 3’.bio- full clamp loader
complex with N-terminally biotinylated  (Monachino et al. 2020), 3’ (Tanner et al.
2008) and 3’ (Jergic et al. 2013) minimal clamp loader complexes, the  clamp loader
accessory complex (Tanner et al. 2008), 2 sliding clamp (Oakley et al. 2003), singlestranded DNA-binding protein, SSB (Mason et al. 2013).

HPLC-purified oligonucleotides were purchased from Integrated DNA Technologies (IDT).
To produce a partially double-stranded primer-template DNA that could be immobilized on
a streptavidin (SA)-coated SPR chip, oligo 865 with sequence 5’-biotin-T50CGATCGTATGTTGTAACTATCTC-3’ could be hybridized to the complementary oligo
862 with sequence 5’-GAGATAGTTACAACATACGATCG-3’. The biotin on 5’ end of
the longer oligonucleotide provided a stable binding with the SA coated on the gold surface
of the SA chip. The hybridized region is the TerH sequence, to which the Tus replication
terminator protein bind tightly (Moreau and Schaeffer 2012). Injections of Tus over the
hybridized primer-template DNA could be used to verify full hybridization of the two
oligonucleotides in flow-cells of the BiaCore instrument (data not shown).

2.2.2 Surface plasmon resonance – general procedures
The SPR was performed on a BiaCore T2000 instrument (Cytiva) operated at 20˚C, and a
SA chip (Cytiva) was used. Unless indicated otherwise, a flow rate of 5 μl/min was used
throughout, except where indicated. The chip was first activated with three injections in
sequence of 1 M NaCl, 50 mM NaOH for a minute each. Data were analyzed using the
BiaEvaluation 4.0.1 software (Cytiva). Surfaces were generally regenerated by sequential
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injections of 1–4 M MgCl2, as required.

The SPR buffer contained 30 mM of Bis-Tris at pH 6.4, 3 mM NaF, 0.3 mM AlCl3, 8 mM
MgCl2, 20 mM (or 30 mM, as specified) NaCl, 0.5 mM dithiothreitol. To that, 0.005%
surfactant P20 and 0.2 mM ADP was added. Under these conditions, ADP is in equilibrium
with the ATP transition state analogue ADP-AlFx (x = 3 or 4; Lacabanne et al. 2020),
allowing the three ATPase sites in the clamp loader complex to be occupied either by ADP
or the ATP analogue.

2.2.3 Surface plasmon resonance with immobilized clamp loader complex
The 3’.bio- full clamp loader complex with N-terminally biotinylated  (20 nM) was
loaded onto flow-cell 4 of the SA chip, in SPR buffer with 30 mM NaCl, to achieve a
response of 1433 RU. The unmodified flow-cell 3 was used for buffer subtraction. Serially
diluted solutions of 2 at concentrations between 0 and 6.4 M in SPR buffer with 30 mM
NaCl were made to flow over the surface at 10 l/min for 40 s, then the bound protein was
allowed to dissociate in SPR buffer over 200 s.

2.2.4 Surface plasmon resonance with immobilized primer-template DNA
The biotinylated oligo 865 (3 nM in SPR buffer) was loaded onto flow-cell 2 for 108 s,
yielding a response of 85 RU. Flow-cell 1 was left unmodified and used as a buffer reference
for subtraction. A 60 s injection of 2 M MgCl2 followed, to ensure a stable surface had been
achieved. This was followed by two sequential 60 s injections of 1 μM oligo 862. An
additional response of ~23 RU was achieved during the first injection, and this did not
increase during the second, indicating complete hybridization of the two oligos. Oligo 862
was rehybridized between experiments, when indicated. SPR buffer with 20 mM NaCl was
used for measurements with the 3 clamp loader complex, and with 30 mM NaCl for the 3
clamp loader.
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2.3 Results and Discussion
2.3.1 Interaction of the 2 clamp with immobilized 3 clamp loader complex
A version of the full 3 clamp loader complex containing N-terminally biotinylated  was
immobilized on the SA chip, and solutions of 2 at concentrations between 0.05 and 6.4 M
were made to flow over it (Figure 2.3).

Figure 2.3: SPR sensorgrams showing the association of 2 (40 s) and its dissociation from the full 3 clamp
loader complex over a range of 0.05–6.4 M serially-diluted 2 (including a control of 0 M). The equilibrium
responses were determined by averaging values in the grey region of the sensorgrams and were fit using a 1:1
steady-state affinity (SSA) model (inset) to derive the value of KD = 400 ± 10 nM. Error is SE of the fit from a
single experiment.

The β2 interacted with the 3 complex with fast-on and fast-off kinetics, enabling
measurement of equilibrium responses at each 2 concentration. The responses were fit
perfectly using a 1:1 steady-state affinity (SSA) model. The equation that governs the SSA
model and is used to determine the KD is:

where Rmax is the response when all the ligands immobilized on the surface of the SPR chip
is saturated with the analyte, KD is the disassociation constant and [A] is the concentration
of analyte in the solution. We obtained a value of KD of 400 ±10 nM for this interaction,
which indicated that the affinity of 2 for the clamp loader complex in the absence of DNA
is probably too weak for determination of the structure of the complex by Cryo-EM.
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Substantially higher affinities of around 1 nM have been reported in the literature for the
complex in the presence of Mg2+ and ATP (Turner et al. 1999); further SPR measurements
should be carried out to determine affinities of this complex in the presence of a wider range
of nucleotides and nucleotide analogues.

2.3.2 Assembly of the 3 clamp loader complex on primer-template DNA and its
interaction with 2 and SSB
The interactions of proteins that make up the clamp loader complexes with hybridized
primer-template DNA in SPR buffer with 0.2 mM ADP-AlFx were studied next. We used a
double-stranded primer-template DNA region that was 23 nucleotides long, which based on
reported structures (Goedken et al. 2005; Simonetta et al. 2009) should be long enough to
pass through the centre of the clamp and extend to the end of the dsDNA-binding channel
of the clamp loader. Fifty dT residues were added to the 5’-end of the template strand to
allow for the binding of SSB. The structurally disordered C-terminal tail of SSB interacts
with the  subunit of the clamp loader, so we considered that SSB binding might further
stabilize the complex between the clamp and its loader on primer-template DNA.

Over the immobilized primer-template DNA on the chip surface, we flowed a solution
containing 100 nM 3’ minimal clamp loader complex for 180 s, giving a response of 460
RU. After a period of flow of SPR buffer (with 20 mM NaCl) followed, during which the
formed complex remained stable (Figure 2.4). Next, 200 nM of χψ was injected and a
response of 60 RU was recorded. This response was very quick and led to a stable complex
formation with minimal dissociation observed. After that 1.6 μM β2 was injected, which
resulted in a response of 153 RU and formation of a stable complex. Finally, 20 nM SSB (as
tetramer) was added and a response of 247 RU was observed in the sensorgram. The
response with SSB was about 50% larger than expected based on molecular weights of the
components, and the expectation that only one tetramer would bind to the exposed dT50
ssDNA, which might indicate some additional non-specific binding to the chip surface or
some complexes containing more than one SSB tetramer. The extremely stable complex was
allowed to dissociate in SPR buffer overnight. The curve (not shown) fit well to the
beginning of a single exponential decay, yielding an estimate for the rate constant of 2.56 x
10–6 s–1. These results were very encouraging for cryo-EM sample preparation because they
indicated that a variety of clamp loader-clamp-SSB complexes could be very stably
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assembled on primer-template DNA in buffers containing 200 mM of the ATP analogue,
ADP-AlFx.

2.3.3 Assembly of the 3 clamp loader complex on primer-template DNA and its
interaction with 2 and SSB.
The experiment shown in Figure 4 was repeated, except that the 3 clamp loader complex

Figure 2.4: Sensorgram showing responses as various components of the 3 clamp loader complex, 2
sliding clamp and SSB were sequentially assembled on the primer-template DNA. The SPR buffer
contained 20 mM NaCl.

was used instead of the 3 clamp loader complex (see results in Figure 2.5). Because the 3
complex shows some non-specific association with the chip surface in SPR buffer with 20
mM NaCl, the ionic strength was increased to 30 mM. Concentrations of proteins used were
also varied (responses shown in parentheses) – 100 nM 3’ (1400 RU, dropping quickly
to 860 RU in the buffer flow, 200 nM  (130 RU), 1.0 M 2 (165 RU), 50 nM SSB (225
RU). The response for 2 was about 50% less than expected, indicating it may not have
saturated the available binding sites during its injection time. The biphasic response to 3’
was as expected, since this complex is known to bind also to ssDNA via its C-terminal
extensions on the three  subunits (Kelman et al. 1998), which is present at this stage in the
50-nucleotide template 5’ overhang designed for relatively stable SSB binding. We would
expect SSB to displace these regions of  during complex assembly for structural studies.

28

We also did an experiment (not shown) where we added SSB before adding the 3’
complex to see if it affects its binding to the immobilized DNA in any way. When 100 nM
SSB was added to the primer-template DNA before we added 100 nM of 3’, we found
that the SSB binding to the ssDNA overhang does not affect the binding of the clamp loader
complex, and the disassociation of the complex remained unaffected.

Figure 2.5: Sensorgram showing responses as various components of the 3 clamp loader complex, 2
sliding clamp and SSB were sequentially assembled on the primer-template DNA. The SPR buffer
contained 30 mM NaCl.

Once again, all of the complexes that we formed progressively appear to be very stable and
suitable for sample preparation for structure determination by cryo-EM.
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Chapter 3
Cryo-Electron Microscopy and Model Building of the E. coli
Clamp Loader Complex
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3.1 Introduction

3.1.1 History and development of cryo-EM
It was around 1870 that the German physicist Ernst Abbe, who was responsible for many of
the theories of optics underlying light microscopes, showed that the limitations of the
instruments was the wavelength of light which ranges from 0.3–0.7 µm. The resolution of
any object or particle increases with the decrease in the wavelength of the illumination
source. The discovery of X-rays by Wilhelm Roentgen, followed by experiments initiated
by Max von Laue that were successfully analyzed by William and Lawrence Bragg of the
atomic structures of crystalline matter like sodium chloride led to X-rays being used
eventually in obtaining structures of biomolecules like hemoglobin, myoglobin, etc. While
this method grew in popularity and is still in use today, there are limitations to this method
of imaging biomolecules like requiring the samples to be organized in a single crystal and
the obtained structures from X-ray crystallography being static representations.
Nuclear magnetic resonance (NMR) spectroscopy was the second technique used in
structural biology, which was developed after the very first observation of condensed-state
NMR signals in 1946. In this method the NMR of charged, fast spinning nuclei of inter/intra
molecular interactions are used to determine structures of various small molecules, later
extended to larger biomolecules.
Electron microscopy for three-dimensional reconstruction was developed next around 1968,
which was closely followed by cryo-electron microscopy or cryo-EM. Compared to X-ray
crystallography, electron microscopy required relatively less quantity of sample and the
stringent quality control on the purity of the sample was also not required for imaging
samples with this technique. The progression of electron microscopy started with the
development of the cathode ray oscilloscope which provided experimental proof of the
effects of axially symmetric inhomogeneous magnetic fields on the magnetic poles or coils
which were used to focus electron bundles. It was found that magnetic field of a short coil
has a similar effect on electrons beams as a convex lens with a particular focal length would
have on a ray of light, thus making it possible to focus electrons as one would focus a ray of
light.
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There were many problems that were associated to imaging biological specimens with
electrons and some of them were:
1.

Damage of samples or organic cells by intense bombardment of electrons.

2.

Preservation of water in the sample when placed in the vacuum inside the electron
microscope chamber.

3.

Lower image contrast due to the high energy electrons passing through the sample.

4.

Sample preparation (samples needed to be a single layer of particle ideally).

5.

Constrained illumination dose and signal-to-noise ratio caused by radiation damage.

Currently, electron microscopy techniques can provide high-resolution atomic structures at
higher than 2 Å resolution. There have been many recent advances in microscope and
detector design, sample preparation methods, and data analysis that have led to this
impressive situation.
One of the notable solutions for solving a major issue of electron microscopy was provided
by Ladislaus Marton, who suggested either cooling the samples or using an approach similar
to negative staining. The latter method was then established in the 1940s, where the
specimens were embedded in thin amorphous film of salts of heavy metals and are thus
stained for example with uranyl acetate or phosphotungstic acid which produces a protective
cast around the sample. It also scatters more efficiently and minimizes damage to the sample.
This approach was, however, limited to information about morphology of microbes and
organelles and determining the atomic-level resolution structure of biomolecules remained
challenging.
To reduce radiation damage, a low illumination dose is used in order to perform highresolution structure analysis. There are many biomolecules that are highly symmetrical and
using some of the properties of the molecule and looking at 2D projection information, there
can be predictions made about certain molecular behaviour of samples even at lower
resolution and also can be used for the 3D image reconstruction.
Aaron Klug was one of the first to note the single-particle reconstruction technique and
electron tomography used for calculation for the 3D reconstruction of a sample from a set
of 2D projections of the sample in a micrograph and it required observation from different
directions and needed information on different views of the sample. Klug along with his
colleagues devised methods to devise the structural information of a sample via electron
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diffraction from thin protein crystals (e.g., catalase) using optical methods of electron
micrograph analysis in the early 1960s.
Walter Hoppe’s invention of ptychography, which is a method of analysis by inverting the
projection transformation in order to recover the distribution of the overall mass density of
the specimen, the development of minimal dose methodology and the use of Fourier space
transformation or weighted filtered back projections that are used for the 3D reconstruction
has formed the basis of many of the techniques and tools that we use today in 3D
reconstruction. The first ever 3D model, which was calculated from the analysis of a single
projection obtained from 21 different orientations of each of the subunits of the tail of
bacteriophage T4 was done by David DeRosier in 1968. The two collaborated with Anthony
Crowther in 1970 to devise a method which was called common lines to determine the
relative orientation of symmetrical particles, which generates specific 2D projections.
Because electrons scatter in air as they bombard atoms of air molecules like oxygen, nitrogen
and even particles of dust or debris in air, the specimens are viewed in a vacuum. Solid
matter including samples are also capable of easily absorbing electrons and scattering them
as well. These problems were controlled by limiting the dimension of the specimen, which
was done by slicing specimens at 20–100 nm thin slices and then chemically fixing the
samples using glutaraldehyde and osmium tetroxide, which were then dehydrated
completely and then embedded on an unpolymerized, liquid epoxy plastic support. The thin
sections of the samples were obtained by using a tool which uses a glass or diamond knife
called a microtome.
Cryogenic cooling to protect samples from radiation damage became a fairly standard
technique for the study of proteins by X-ray crystallography from around 1990. This idea
was extended to the field of electron microscopy around 40 years ago as it helped lower
water evaporation from the samples. Studies done by Humberto Fernandez-Moran and
Basile Luyet pointed out water nucleation which formed crystalline ice when cooling the
biological samples back in the 1940’s. Studies by Glaeser and Kenneth Taylor showed
electron diffraction patterns from catalase crystals embedded in ice, which confirmed the
feasibility of recording data that could go higher than 3 Å resolution. Glucose was also used
as an effective cryoprotectant. Theoretically, the problems that were associated with
crystalline ice could be overcome by cooling the water to form vitreous ice. The technology
available at that time allowed for water to cool at –120˚C and was limited by practically
unattainable required rate of cooling to transform bulk liquid water to a vitrified solid state.
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It was in 1981 that Dubochet and Alasdair McDowall introduced a method called plunge
freezing that allowed water to rapidly be turned into vitreous ice. It was achieved by using
micrometer-sized droplet of water on carbon film, which was mounted on a grid that was
rapidly immersed into liquid ethane or propane at near cryo temperatures of –190˚C. A
vitreous layer of ice that yields uniform absorption of electrons could be maintained at stable
temperatures below –160˚C. This method became popular in 1984, when the electron
micrographs were presented of the Semliki Forest virus suspension. The resolution would
reach around 40 Å in the early studies and most data were recorded using photographic films
in 100 keV microscopes after the plunge freeze method which was introduced by Dubochet
helped to improve the freezing protocol.
In 1990, Henderson and his colleagues launched an era of structural study of single particles
using cryo-EM by determining the high-resolution structures of biomolecules in solution by
averaging over many views of copies of the same sample. They used 3D reconstruction to
build a model of bacteriorhodopsin by layering views of its 2D classes and showed that
cryogenic temperatures would significantly reduce the amount of radiation damage and thus
a lot more structural information could be retained and used to predict the positions of the
amino acid side chains of the proteins. The simultaneous analysis of a large number of
protein molecules was averaged directly as the total electron dose was observed uniformly
over larger quantities of particles. Back in 1990, computational analysis of the relative
position and orientation of symmetrical particles by averaging over asymmetrical units
wasn’t available. Henderson understood that improvements in the technical aspects and
specimen preparation could help to standardize cryo-EM to become a general technique. He
also presented a quantitative analysis which showed what was hindering the atomic
resolution of non-crystalline molecules. The 2D and 3D orientation of individual particles
in an asymmetric molecule with high molecular weight could be determined in phase
contrast electron microscopy by using low-intensity electron irradiation, which helped to
achieve atomic resolution through averaging the clusters of randomly distributed particles.
To align the features of particles that are barely visible above background noise is a
fundamental challenge in analyzing asymmetrical and randomly oriented molecules. Several
near atomic resolution structures of large particles with high symmetry were reported in
2008. Latest development in the technical and methodological aspects of cryo-EM including
development of direct electron detectors and improved computational implementation with
software like EMAN, Xmipp, RELION, etc. have proved to be a pivotal point for cryo-EM.
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The scientific community also began to recognize its significance as this technology helped
structural biology to process compositionally heterogeneous samples to obtain multiple
structures from single datasets.
The detective quantum efficiency (DQE) is a measure of the amount of signal-to-noise ratio
of signals that are incoming which are degraded by the errors in the process of detection.
Ideally, the DQE of an electron detector should be 1. Photographic film and charged coupled
device (CCD) cameras were the detectors of choice until recently due to the large field of
view and high DQE that ranges from ~0.1 to ~0.3. The direct detectors work by using a thin
semiconductor membrane at the range of 10 µm, which accumulates the energy that is
detected by the electronics when incident electrons are passed through the membrane.
Studies have shown that removing the underlying support matrix by a back-thinning process
helps in reducing the backscattering of electrons and noise. There were several advantages
of using direct electron detectors, which were introduced in 2013 and were constructed from
monolithic active pixel sensors (MAPS) which were derived from complementary metal
oxide semiconductors (CMOS) technology, which are in turn popular sensors used in mobile
phone cameras as well as all the popular brand DSLR cameras. Some of the advantages of
using fast direct electron detectors are:
1. Higher frame rates allow recording of time series of multiple movie frames of a single
sample, to enable correction for beam-induced motion.
2. High DQE of the detector produces images that have substantially improved signal-to-noise
ratios.
3. Better detection of particles as well as particle orientation.

The development of these sensors, the advancement in technologies as well as equipment
created a new methodology in aiding structural biologists to be able to study either single
particles or protein complexes with the help of electron microscopy by greatly reducing
radiation damage and also getting structures with very high resolution. Thus, with all the
techniques and technology, a new field of imaging molecules called cryo-electron
microscopy, reached maturity.
Cryo-electron microscopy or cryo-EM is an electron microscopy technique in which the
samples are frozen to cryo (liquid nitrogen) temperatures, which freezes the particles in
vitreous ice enabling us to take high resolution images of the particles in their native state in
many if not all possible orientations. Cryo-EM has many applications and unlike other
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imaging methods that have been traditionally used like X-ray crystallography, it does not
require the samples to be crystallized or prepared in special ways in order to proceed with
the imaging – any particle theoretically could be directly imaged provided it does not break
down or disintegrate during the freezing process. Furthermore, if any protein has multiple
conformations, it also allows us to view them as well. This technique can be used in
analyzing protein complexes as well as single particles.

3.2. Materials and Methods

3.2.1. Sample preparation
The isolation of the  clamp and assembly of the full 7-subunit 3-CLC (composition: 3’), which were gifts from Dr Slobodan Jergic, are described in Section 2.2.1. Primertemplate DNA oligonucleotides with sequences as follows were purchased from Integrated
DNA Technologies (IDT): oligo 862_TerH: 5’-GAGATA GTTACAACATACGATCG-3’;
oligo 864_T10_TerH: 5’-TTTTTTTTTTCGATCGTATGTTGTAACTATCTC-3’. Samples
of oligonucleotides (50 µl at 300 M each) were mixed and heated at 95ºC for 5 min and the
samples were then allowed to cool in room temperature over periods >15 min.
The cryo-EM buffer contained 30 mM Tris-HCl at pH 7.6, 5 mM MgCl2, 3 mM
dithiothreitol, 0.25 mM EDTA, 5 mM NaF, 0.5 mM AlCl3, 2 mM ADP and 2% glycerol.
During the preparation of the buffer the NaF was added before adding the AlCl3 and ADP
was added 10 min later.
Then, 30 l of 6  ’ was mixed with 4.5 l of 80 M  and 1.6 l of 150 M
annealed oligonucleotides and dialyzed against 150 ml of the cryo-EM buffer for 4 h at 4ºC.
The sample was then centrifuged at 20,000 g for 8 min at 4ºC before preparing the grids.
3.2.2 Grid preparation
UltrAufoils R1.1/1.3 gold grids (Quantifoil) with 1.2 m holes were used. The UltrAufoils
gold grids were first glow discharged in a Diener Zepto 2 plasma cleaner with 8% of the
power for 2 min. The glow discharged grids were then prepared in a FEI Mark IV Vitrobot
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in which the chamber was set to 100% humidity and temperature to 8ºC. Samples (3 μl) were
added to each grid before being blotted and plunge frozen. A total of 3 grids were prepared
with blot times of 3.5, 4 and 4.5 s, respectively. The grids were plunge frozen using freshly
dispensed liquid ethane in a humidity-controlled room at around 18% humidity. The
prepared grids were then stored in a liquid nitrogen tank to be imaged later.
3.2.3 Imaging and data collection
The grids were taken out of the nitrogen tank and were loaded into an Autogrid cassette. The
Autogrid cassette was then put in the Thermo Fisher Titan Krios 300 keV electron
microscope. The Titan Krios was equipped with an energy-filtered Gatan K2 camera system,
and controlled using Thermo Fisher EPU software. The three grids that were prepared were
all scanned, and an atlas was prepared allowing to scan the quality of the grids. The
micrographs were then collected at 0.84 Å per pixel with 6 s exposure time, 62 e–/Å2 over
62 frames, a magnification of 165,000x and with the defocus values of -0.5, -0.8, -1.1 and 1.4 m. A total of 3199 micrographs were collected.
3.2.4 3D reconstruction using the collected micrographs
All steps of the 3D reconstruction beginning with the collected movie image stacks were
done using RELION software version 3.1.0, running remotely on MASSIVE.
All micrographs were imported to RELION and beam induced motion-correction was
performed using RELION’s own implementation. The contrast transfer function (CTF) was
determined using CTFFIND 4.1 and then the micrographs with a CTF ranging between 2–3
Å were selected using “subset selection” in RELION (see workflow in Figure 3.1).
Particles from 200 randomly selected micrographs were first autopicked using the “Autopicking” tool. The picked particles were used to obtain 2D classes which were then used as
a template for picking particles from the remainder of the micrographs. The 2D classes were
then extracted and classified over several rounds to filter poor classes and get better particles.
The initial model was built from the selected 2D classes and 3D classification was run to
further remove poorly-picked (junk) particles that could have been missed during the 2D
classification. The best classes were then selected with a total of 210,979 particles, which
were further refined using CTF refinement and then the particles were finally polished. The
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final model was then post processed and a map with a resolution of 2.88 Å was obtained.
The local resolution was then estimated, and all the viewing and imaging of the map was
done using UCSF Chimera v1.15.
3.2.5 Model building of the cryo-EM map
After the 3D reconstruction and refinement of the cryo-EM map, a model was built into the
obtained map with a resolution of 2.88 Å. Phenix 1.19.1 and COOT 0.9.4 were primarily
used for the building of the structure whereas UCSF Chimera 1.15 and PyMol 2.3.2 were
used to view and prepare figures of the built model.
Since there are several models of the E. coli clamp loader complex in the PDB database,
building the model totally from scratch was not necessary. In particular, a model of the full
3-clamp loader complex (3’) bound to primer-template DNA in the presence of the
ATP analogue ADP-AlFx had previously been reported by Simonetta et al. (2009) based on
X-ray crystallography at 3.5 Å resolution (PDB ID: 3GLI). This model was docked into the
cryo-EM map using “Dock in map” in Phenix to align the provided model with the map.
Then, the model was manually refined using COOT by properly aligning all the chains into
the map by going through every single residue for all the different subunits of the model.
After manually fitting all the residues into the model, the final saved file was again further
refined in Phenix using the “Real-space refinement” tool. A detailed step by step guide to
how the model was created can be found by referring to Appendix 2.
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Figure 3.1: A workflow diagram of the steps involved in the 3D reconstruction of the clamp loader complex.
For a detailed explanation and settings used in every step, please refer to Appendix 1.
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3.3 Results and Discussion
3.3.1 Imaging and data collection of the 3-CLC
The three grids which were scanned in the Thermo Fisher Titan Krios 300 keV electron
microscope using the Thermo Fisher EPU software where the atlas was prepared for all the
grids, which was used to check the quality of the grids. The condition of the grids was as
follows:

A) Grid 1: This grid had too much ice and was not usable for image collection. This is likely
to be because of the lower blotting time of 3.5 s but could also be a result of other factors
during the process of making the grid.
B) Grid 2: Almost 2/3rd of the grid was covered in ice but some parts did look useful for data
collection. Some solution blobs in the middle of squares were also observed.
C) Grid 3: This grid was the best of the three grids we made. Since it was blotted for 4.5 s,
it had a very good gradient of ice. It also had plenty of squares from which we could
collect data and because of that we used this grid to collect our data.

Grid 3 was used for the purpose of data collection and for the initial phase, 200 micrographs
were collected to check the quality of the particles and cryoSPARC Live was used to process
those micrographs on the fly. When the quality of the micrographs looked good with the
preliminary processing of the 200 micrographs, a new session was created, and data were
collected overnight. A total of 3199 micrographs were collected.

UltrAufoil gold grids were used as they reduce the movement of the specimen during
imaging. As compared to normal carbon film grids, the gold grids provide a much higher
resistance against movement which would otherwise lead to blurring of images, making it
much harder to properly image and determine the structures of smaller and challenging
molecules. Thus, gold grids were used to help improve the image contrast and quality, which
would help obtain a better 3D reconstruction of the particles with less data.
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3.3.2

Initial single particle image processing and 3D reconstruction

The 3D reconstruction of the micrographs of the 3 clamp loader complex was done using

Figure 3.2: A histogram showing the distribution of micrographs based on their CTF values. The
majority of the micrographs are between the ranges of 2 Å and 3.5 Å in terms of their CTFs.
(Reproduced from RELION)

RELION version 3.1.0. All the micrographs were first imported and then their motion was
corrected using RELION’s own implementation. The contrast transfer function (CTF) of a
significant fraction of micrographs that we had collected were between 2 and 3.5 Å (Figure
3.2). Micrographs with CTF between 2.0 to 3.0 Å were selected and scanned individually
and sometimes discarded as even blank micrographs with no particles can be picked by the
software. A total of 2200 micrographs were selected after filtering; 210 micrographs were
then taken in the initial stage, setting the parameters of minimum and maximum diameter of
the particle from 80 to 150 Å to obtain initial 2D class averages for use to auto-pick a dataset
of particles using an “Auto-picking” job in RELION to pick particles from the 2200 CTFfiltered micrographs. The particles were then extracted and new 2D classes were obtained.
From those 2D classes, all the junk classes were discarded, and selected classes gave a total
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of 1,634,677 particles, which were then extracted and 2D classes were produced again. The
particles were then re-extracted using all the good classes we had chosen after running the
2D classes. Those re-extracted particles again went through another run of 2D classes, where
out of 75 classes, 46 were chosen for the next step with 268,767 particles (Figure 3.3).

Figure 3.3: 2D classes showing different views of the clamp loader complex. Looking at the classes it
shows that there are multiple views of the complex in different orientations. The secondary structures
are also visible in some of the classes with good CTF values. A total of 46 classes were chosen out of 75.
These selected classes were then used as an input for the 3D initial model job where we obtained our
first structure of the clamp loader complex, which was then refined to obtain an initial model at 3.9 Å
resolution.

A 3D classification was run to further remove junk particles which might not have been
picked up during the 2D classification. The refined model was used as an input and was
classified into four different models, out of which only two were used for the final
reconstruction (Figure 3.1). The two classes were then used to create an initial model and
refined to a resolution of 3.78 Å. A mask was then created, and the refined structure was
post-processed, which improved the resolution of the map to 3.2 Å.
The post-processed map was then refined further using CTF Refine and post-processed
again. Finally, the particles were polished using RELION’s Bayesian polishing and postprocessed, which resulted in our final map which had a resolution of 2.88 Å (Figure 3.4).
The resolution which is estimated during the post-processing is a global estimate, as it is in
X-ray crystallography. However, in cryo-EM maps the resolution varies and depends on
various factors like how flexible some parts of the whole molecule are, as well as other
factors like size and density.
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Figure 3.4: Gold standard Fourier shell correlation curves (FSC = 0.143) for reconstruction using
various combination of refinement parameters. (Reproduced from RELION)

So, in order to describe the variation in resolution of the final cryo-EM map we ran a local
resolution job, which gives us an estimation of resolution throughout the map. The local
resolution file was obtained from RELION and the map was colored using that file in
Chimera (Figure 3.5).
Bias due to preferred orientations of particles in the 2D class averages can influence the
quality of the final cryo-EM density map, especially when limited numbers of particles are
used in the reconstruction. Although we saw significant preference for views from certain
orientations (Figure 3.6), we used enough particles to eliminate any potential bias, as
revealed by the quality of the maps used for model building.
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Figure 3.5: The final cryo-EM map which is coloured based on the local resolution. The map on the left is the
“front” view of the clamp loader complex with dsDNA clearly visible in the middle, and the map on the right
has been rotated by 180˚.

Figure 3.6: Euler angle distribution of all particles included in the final 3D reconstruction. Red depicts a
relatively higher number of particles at a certain angle. The generally uniform distribution of the particle
projection angles ensures an isotropic 3D electron-microscopy density map.

3.3.3

First observation of the location of the  and  subunits in the 3-CLC

The bacterial clamp loaders are linked physically to single-stranded DNA-binding (SSB)
proteins via its interaction with the  subunit in the heterodimer of two proteins (χ and ψ),
and this association increases the replication activity (Glover and McHenry 1998; Kelman
et al. 1998). It is also known that the ψ subunit binds tightly to the collar domains of the
three / subunits of the clamp loader complex ( Olson et al. 1995; Simonetta et al. 2009).
The χ subunit docks on the C-terminal segment of the tail of the SSB which bridges the
clamp loader and the SSB (Kelman et al. 1998; Witte et al. 2003). At lower threshold, we
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were able to observe prominent additional density (Figure 3.7A). The density had poor
resolution likely due to high flexibility and it matched the description and location of where
the χ and ψ binds to the clamp loader complex (Figure 3.7).

Figure 3.7: A: Low resolution model of the CLC with extra density visible at lower threshold (at the “top”),
which corresponds to the area in which the χ and ψ subunits attach to the clamp loader complex. B: The model
of the CLC with the χ and ψ subunits. C: The model of the CLC with the χ and ψ subunits overlaid in the map
with the lower threshold where density around the χ and ψ region was visible. Image produced using Chimera.

A rough model of the clamp loader complex
with the χ and ψ subunits attached could
therefore be built by docking the separate crystal
structures of the 3-CLC bound to ssDNA and
the C-terminus of  (Simonetta et al. 2009) and
the full  complex (Gulbis et al. 2004). The
area in which the extra density was observed at
lower threshold matched the expected location of
the χ and ψ subunits in the model, with the Cterminal segment of  that interacts with all three
/ subunits being well resolved. The size of the
subunits and the density are also very similar

Figure 3.8. Zoomed view of the region of the
CLC where the χ (yellow) and ψ (green)
subunits attach to the complex. The map and
model of this region has been overlaid to show
the similarity in their structure as well as size.
The fit of the model to the cryo-EM density is
relatively poor because the N-terminal region of
ψ is flexibly tethered to the rest of the CLC and
so are only visible at lower threshold.

(Figure 3.8).
The area where the χ and ψ bind however could not be resolved to obtain a better structure
due to those subunits being highly flexible regions and having a size too small to be refined
separately and was not included in the final model which was obtained after masking. Similar
density around the same area was also observed in the map of the clamp loader complex with
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the clamp, which was being processed in parallel by Dr. Xu, which adds further support that
the χ and ψ subunit could be present in that region where the density was observed.
3.3.4

Model building of the 3-CLC into the cryo-EM map

Figure 3.9: The cryo-EM map of the 3δδ’ complex on primer-template DNA, where different subunits are
labelled in different colors and are named A–E bound to DNA (A and B) and a schematic representation (C).
The contacts between the clamp loader and the DNA are primarily restricted to the template strand which is
shown as green on the map and outlined yellow in the representation. The image in the middle is a slightly
tilted map enabling to get a better view of the DNA. (Schematic representation of the clamp loader reproduced
from Simonetta et al. 2009 and figures prepared using Chimera).

A model of the 3-CLC prepared by A/Prof Aaron Oakley based on the similar 3-CLC
crystal structure (without ) at lower resolution (PDB ID: 3GLI; Simonetta et al., 2009)
was docked into the cryo-EM map obtained after the 3D reconstruction (Figures 3.9, 3.10).
The map was docked in Phenix which aligned the map with the model and then it was
manually refined using “real space refine zone” in COOT. The model was refined for the
final time using Phenix and the model of the clamp loader complex was obtained (Figure
3.9).
As mentioned earlier, the area in which the χ and ψ binds to the clamp loader was not able
to be fully resolved and the model was built into the map by using a reasonably low
threshold. Nevertheless, the very N-terminal segment of the  subunit is structured and
buried in the body of the CLC and could easily be resolved in the final refinement during
3D reconstruction. Therefore, it is also present in the final model where it can be observed
to interact with all three of the  subunits. This interaction was also observed by Simonetta
et al. (2009), who crystallised a 3-complex containing only the N-terminal natively
unstructured peptide of  (see Figure 3.11).
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Figure 3.10: The map of the 3-CLC on primer-template DNA after final refinement, overlaid on the structural
model to show the quality of fit. The resolution of the map is 2.8 Å.

Figure 3.11: The model of the clamp loader complex built in the obtained cryo-EM map. The model on the
right is rotated by 180˚. The model has been colored based on the different subunit chains and named from the
letter A–E denoting the subunits δ, , ,  and δ’, respectively. Inset: The N-terminal portion of ψ is zoomed in
the model and is coloured in silver. (Figure prepared using PyMol).
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The DNA recognition is mediated primarily by interaction with the phosphate groups in the
template strand alone (Simonetta et al. 2009). The primer strand makes no close contact with
the clamp loader complex, with the exception of the nucleotide at the 3’ terminus. The clamp
loader allows the primer strand in the duplex (which can either be RNA or DNA in natural
primers) to be accommodated without any tight contact and also provides an exit channel
for the template strand.
The three ATP-binding active sites in the  subunits of the clamp loader complex are
occupied by the ATP analogue ADP-AlF4 (rather than ADP). The three / subunits out of
the five core subunits of this clamp loader are functional ATPases (B C D, where B–D are
the positions of the subunits in the clamp loader; Figure 3.9, right). The other two subunits
of the clamp loader (δA and δ’E) do not bind to nucleotides. This nucleotide occupancy
confirms studies that show that the DNA-bound forms of the CLC have the three nucleotidebinding sites occupied by ATP; subsequent ATP hydrolysis leads to release of the CLC from
the DNA and the clamp, leaving the closed clamp encircling the dsDNA. The δ subunit can
bind to the clamp on its own and is also capable of opening the clamp on its own. The crystal
structure of the δ-subunit of E. coli bound to an open form of the  clamp has been
determined (see Section 1.5.2).
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Chapter 4
Comparison of Models and Conclusions
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4.1. Comparison of the cryo-EM structure of the 3-CLC with a crystal
structure of the 3-CLC

4.1.1 Overview of the comparison structures
The cryo-EM structure was compared to a crystal structure with PDB ID: 3GLI (Simonetta
et al. 2009), which was the structure of the E. coli 3-clamp loader bound to a primertemplate DNA and  N-terminal peptide. The ATP analogue which occupies the active sites
in this structure is ADP-BeF3. The resolution of the structure is 3.50 Å.
The two structures were overlaid in PyMol, and a C root mean square deviation (RMSD)
of 1.4 Å was obtained. While there are a few differences between the two structures, overall
they are obviously very similar (Figure 4.1). All images of the structures herein are produced
using PyMol 2.3.2.

Figure 4.1: The cryo-EM model (blue) of the 3 clamp-loader complex on primer-template DNA overlaid with
the crystal structure of the analogous 3 clamp-loader complex; PDB ID: 3GLI (yellow).
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4.1.2 Comparison of individual subunits
4.1.1.1 The DNA
Looking at individual subunits we can see a few key differences between these two
structures. The first difference we see is that the DNA that was used for crystal structure
determination had fewer nucleotides and was much shorter. Primer-template DNA
oligonucleotides used in the X-ray model 3GLI had sequences as follows – primer: 5'CTGGCCTATA-3’; template: 5'-TTTTTTATAGGCCAG-3’.
We can see that the DNA was clearly shorter (Figure 4.2) in the structure of 3GLI and from
this comparison we now know that the δ subunit can accommodate a much longer template
strand and the 5’ template overhang in the clamp laoder complex can run much longer as
verified by the cryo-EM model.

Figure 4.2: Primer-template DNA of the cryo-EM
map (blue) and 3GLI (yellow) overlaid.
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4.1.1.2 The δ subunit
Figure 4.3: The δ subunit of the cryo-EM model (blue) and 3GLI (yellow) overlaid. The image on the left is a
zoomed section of the C-terminal end of the δ subunit and the image on the right is a zoomed section of the
Domain I.

In the critical  (wrench) subunit, the -helices in the Domain I of the structures appear to
have shifted by ~7.5 Å (Figure 4.3, right), whereas the rest of the parts of the subunit seem
to have aligned very well. The cryo-EM local resolution map shows that the area around
Domain I of the  subunit had a comparatively lower resolution due to higher mobility,
which is what could have led to the shift in the average position of those helices.
Nevertheless, since it is this region that interacts with the clamp (Park et al., 2016), these
differences will require further interpretation when more structures are available.
The other difference, which is clearly visible is that the C-terminal end of the subunit has a
longer amino acid chain with 10 amino acid residues in the cryo-EM modelled clamp loader
(Figure 4.3, left), whereas the chain in the lower-resolution crystal structure (3GLI) is much
shorter. This is most likely due to flexible ends of the protein having to be truncated to make
it easier to be crystallized as opposed to freezing the proteins in their native state in cryoEM.
Overall, except for those few differences the two models are very similar.
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4.1.1.3 The three  Subunits

Figure 4.4: All three  subunits (A, B and C) overlaid from the model 3GLI (yellow) and the cryo-EM obtained
model (blue).

The  subunits of the cryo-EM model of the clamp loader complex were all very similar to
the  subunit of the 3GLI structure (Figure 4.4). The N-terminal end of the (B) is one amino
acid longer and the (C) subunit has 3 extra amino acid residues on its N-terminal end and
2 extra residues on its C-terminus. Because of the asymmetry of the full CLC structure, each
of the  subunits has its own discrete domain orientation in the 3-CLC (analysed in detail in
Jeruzalmi et al., 2001). Insofar as they are visible in my cryo-EM structure, the three 
subunits align perfectly with the three  subunits in the 3GLI structure, with few differences
in their structures.
Nevertheless, the  subunits have long flexible extensions on their C-terminal ends
(Rajkiewicz 2010), which adds an extra ~300 residues from Domains IV and V (~32 kDa).
However, although more than half of this region (Domain V) is known to be structured and
interacts with the Pol III  subunit, this region is not visible at all in the cryo-EM structure.
Future work will use samples that also contain the Pol III  subunit and full  core
complex, which may allow this region of the three  subunits to become better resolved.
This discussion illustrates the power of cryo-EM over X-ray crystallography. We are now
able to study full-length complexes, and to reliably conclude that certain regions of proteins
occupy undefined positions with respect to the rest. In crystallography, we need to make
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large numbers of truncated samples to discover which will crystallize, and we obtain no
structural information at all about the regions of the proteins we have had to remove.

4.1.1.4 The δ' subunit
The δ' subunits of both the models look very similar
with very minimal differences. The secondary
structures have very minimal differences between
them and neither end of the structure has any extra
residues compared to the crystal structure.

4.1.1.5 The χ:ψ subunits
Simonetta et al. (2009) used only the N-terminal
residues of the  subunit known to interact with all
three of the  subunits in determination of their
structure (3GLI), so only certain residues of the N-

Figure 4.5: The δ' subunit of the cryo-EM
structure (blue) and 3GLI (yellow) overlaid

terminal region were able to be viewed. The
structure obtained from cryo-EM had a longer chain with 9 extra amino acid residues in the
N-terminal region of the  subunit (Figure 4.6).

Figure 4.6: The N-terminal region of the ψ subunit of the model obtained from
cryo-EM (blue) and 3GLI (yellow) overlaid.
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While both these structures were very similar, the approach used to obtain them and the
amount of speculations that could be made from them is very different. While the final model
was built on a set threshold, at lower thresholds we could visualize much more volume and
density where we could speculate on other features of the complex. One of the examples
was the region where χ and ψ subunits are located and at lower threshold a volume at that
region which connects to the area where the ψ subunit binds to the clamp loader complex is
visible (Section 3.3.3). While the area couldn’t be properly resolved to say with certainty
and be able to model the whole of the χ and ψ subunits on the clamp loader, we could
speculate the region around which those subunits bind and are present in the complex.
Furthermore, the volume was also visible in the model of the clamp bound clamp loader
complex which was being processed in parallel by Dr Xu, indicating that there is a high
probability that the χ and ψ subunits are bound in the clamp loader complex in that region.
In future work, extension of the template DNA strand and its binding to SSB may rigidify
the positions of  through interaction of  with SSB.
So, while the regions of the cryo-EM density which have been modelled using very
reasonable thresholds look extremely similar to the crystal structures with few differences,
the overall information we obtain from a cryo-EM map is much higher especially because
we are imaging full particles and we are doing so by freezing them in vitreous ice which
maintains their native state. Thus, with cryo-EM we are able to speculate on many other
details, which adds a lot more to information which was previously not known and also
opens new ways in which we could study the proteins. Further refinement and optimizing
particle picking parameters as well as filtering better could add more details to the areas
which couldn’t be resolved and make it possible to extract more information still to be
obtained about those regions.

4.2 Comparison of 3δδ’χψ and the 3δδ’χψ-β2 complexes
The structure of the 3 clamp loader complex was then compared to the clamp loader
complex bound to the clamp. The structure of the clamp loader, which was obtained by Dr
Xu using an identical primer-template DNA, has a  ring attached to the clamp loader in a
closed state. The E. coli clamp forms an extremely tight and closed structure in isolation
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(Kong et al. 1992; Turner et al. 1999; Hingorani and O’Donnell, 1998) and has a half-life
of approximately 1 hour on covalently closed dsDNA (Yao et al. 1996). The clamp loader
in bacteria is thought to open the clamp actively (Turner et al. 1999; Paschall et al. 2011),
which probably happens through the contacts of the A(δ) subunit which causes a
conformational change in the clamp which then destabilizes the interfaces between the
subunits of the clamp (Jeruzalmi et al. 2001). However, it is still not fully understood how
the clamp loader opens and closes the clamp or if the clamp loader simply traps a transiently
open state of the clamp.
The structure of the 3δδ’χψ and the 3δδ’χψ–β2 complexes were compared to see if there
were any significant differences between the two structures. COOT and PyMOL were used
to compare the models of the two complexes.

Firstly, using COOT the Cα RMSD (root mean square deviation) was used to calculate the
similarities in the structure of the subunits (A–E) of the complexes and then both structures
were superimposed on each other and manually checked for any differences by putting
special emphasis on the region where the clamp interacts with the clamp loader subunits.
In both structures, all the three active ATP-binding/hydrolysis sites were occupied by the
ATP analogue ADP.AlF4, indicating that ATP binding, but not its hydrolysis is necessary to
form the clamp loader-clamp complex, consistent with expectations. The structures, when
compared based on Cα RMSD values (Table 4.1) were extremely similar, indicating that the
clamp loader in its complex with a primer-template DNA junction is pre-organised for clamp
binding.
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When both structures were viewed closely, there were very subtle differences between those
two models and no significant differences were observed which could have been due to
conformational changes which happened because of the interaction between the clamp and
the clamp loader. While the clamp interacts with the clamp loader with fast-on and fast-off
kinetics, in the presence of the DNA it becomes surprisingly stable; the clamp forms a stable
complex with the clamp loader.

Figure 4.7: A cartoon representation of the models of the clamp loader complex with and without the clamp
overlaid using PyMol. The model with the clamp (by Dr Xu) is coloured cyan and the model without the clamp
is coloured magenta.

The overall model when overlaid using PyMol had a C RMSD of 0.15 Å, which indicates
that both models are almost identical in terms of their structures. The secondary structures
which are represented as α-helices and β-sheets in the representation are well defined and
were very similar in both the structures, indicating that the clamp loader did not undergo
many conformational changes when it was binding with the clamp, which could mean that
the clamp only undergoes conformational changes when trying to open or close the clamp,
or dissociate from it, by the means of ATP hydrolysis. When inspected closely, there are
very subtle changes in the side chains of residues which could mean that the changes are
very subtle or happen at a much smaller scale on all the different subunits.
The region around the clamp and the clamp loader interaction area was also inspected for
any changes that could have been caused by the interaction of the clamp with the clamp
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loader subunits, but the secondary structures were very nearly identical with the only
differences in the flexible areas of the structure (Figure 4.8).

Figure 4.8: Individual subunits of the two clamp loaders, one with and one without , overlaid using PyMol.
The comparisons show that the defined secondary structures are very similar and only the loops vary modestly
as they are more flexible. The model with the clamp is coloured cyan and the model without the clamp is
coloured magenta.

Individual subunits were then inspected from each of the complexes to check for any
differences but again there weren’t many differences and the very low value of RMSD in
the overall structure also showed that the structures are extremely similar.
The binding of ADP does not facilitate the clamp loader-clamp interaction like ATP does
(Hingorani and O’Donnell, 1998) and therefore the conformational changes in the absence
of ATP could have been very small. Other ATP analogues like ATPS have been used by
Dr Xu in his other experiments with the clamp loader complex for cryo-EM, with stability
issues of the complex during plunge freezing, thus leading to poor particles in the
micrographs.
The extremely similar structures of the clamp loader and clamp loader-clamp complex
however shows that there might have been numerous weak interactions at different points
of the clamp loader-clamp interface. These interactions in the interface cause very minimal
structural changes while creating a strong bond between the clamp and the clamp loader.
The presence of DNA further stabilizes the complex. Further investigations are necessary
with different ATP analogues as well as ATP to see if there are any significant
conformational changes to the complex or the clamp.
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4.3. Thesis concluding summary
In summary, the learning outcomes of this thesis can be described as follows:
1. From the SPR experiments, we have learned that β binds to the clamp loader complex
with a very high affinity in the presence of an ATP analogue, and forms a very stable
complex in the presence of DNA.
2. SPR also showed us that SSB binding does not further stabilize the complex, so while it
plays an important role in the replication process, it doesn’t negatively affect the stability
of the complex.
3. The crystal structure of the core of the clamp loader complex was very similar to that of
the cryo-EM structure.
4. The location of the χ and ψ subunit complex was also visualised, but because it was at
much lower threshold and resolution, it was not able to be properly resolved. The
presence of the similar volume in the same area in a different model Dr Xu was working
with adds further confirmation about the location of the χ and ψ subunits. The subunits
thus appear to be flexibly linked to the core clamp loader complex.
5. There is very little conformational change in the clamp loader when the β clamp attaches
to the clamp in its closed form. Only subtle changes occur when the  clamp binds to the
clamp loader under these conditions. Further work is necessary to determine factors that
control opening of the clamp to enable its loading onto primer-template DNA.

Structural studies have helped in the deeper understanding of the structural mechanisms that
underlie the clamp loading interactions. However, there is a great deal that still is not
understood. The molecular details of the clamp loading action and the DNA interaction and
the conformational changes in the structure that occur upon DNA binding and activates the
ATP hydrolysis is still not completely understood. The conformational and structural
mechanisms guiding the clamp loading reaction are also not properly understood. The crystal
structure of the unliganded E. coli clamp loader provided a view of an asymmetrically
arranged and inactive clamp loader complex and an insight to why the clamp loader is unable
to bind the clamp in the absence of nucleotide (Jeruzalmi et al. 2001). The structure of the
E. coli clamp loader which is bound to DNA has a very symmetrically arranged clamp loader
in which all the ATPase sites are catalytically active. However, the mechanisms which guide
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the clamp loading reaction between the two different states of unliganded and DNA-bound
state are still to be understood.
Similarly, the function of the ψ subunit of the clamp loaders in the clamp loading in bacteria
is also not well understood.
The clamp loader is important in the replication process as it places the sliding clamp around
the DNA by opening it at one of its interfaces. Therefore, a complex bound to an open clamp
must exist before it engages with the primer-template. The understanding of this complex
would lead to the understanding of the conformational changes which results in the clamp
loader due to clamp binding.
While previous studies determining the structure of the clamp loader complex have provided
a lot of information regarding the structures of the complex and given us insights into their
mechanism, cryo-EM has opened up a new way of studying the dynamic nature of the protein
complex and also helped us in identifying newer areas of the complex that were previously
not been visualized.
Our first structure of the 3 clamp loader complex shows that cryo-EM can be used to study
the dynamic nature of the protein and also be used to study the location of highly flexible
parts of the protein, which could help in speculating further about the functionality of those
flexible areas. Thus, cryo-EM has provided a new way of studying the clamp loader complex
and obtaining high resolution structure.
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Appendix 1
Cryo-EM Structure Determination Using RELION 3.1
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In order to obtain the 3D map of the clamp loader complex from the micrographs obtained
from the Titan Krios, we processed them in RELION and went through various steps which
resulted in a cryo-EM map of the 3-complex at a resolution of 2.7 A. Here I will explain the
detailed steps involved in the processing of the data in RELION (Figure A1).

All the data were processed in the Monash University MASSIVE HPC through a remote
desktop which was run through an application called Strudle. For very time consuming jobs
the Queue was also used and some jobs were simply run on the desktop. So, while the
settings I have used are mentioned, the parameters of the Running tab on every job isn’t
mentioned as this might differ from system to system and as this dataset was very large,
some jobs took significantly longer than others and used various desktops within the HPC
depending on availability, which kept changing the settings I have used.

While I have added a few images in this part as well until the 2D classification step, the other
images of steps after the 3D refinement can be found in the Chapter 3 of the thesis (mainly
Section 3.3).
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Figure A1: The RELION 3.1 GUI

Data processing

There are a few steps that we need to do before we start to process the data in RELION. We
first create a directory for our project and use that single directory per project where all the
intermediate as well as processed files are stored, as well as all the metadata, in order for the
software to be able to recognize and move forward with the steps as the analysis progresses.
So before I started I created a directory and named it CLC_Alok just to make it easier for
me to recognize my directory as we were using a computer cluster and there were many
project directories.

The first step in RELION was to import the micrograph movies in the RELION pipeline. To
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do this we use the “Import” job-type browser on the left and filled the parameters in the
Movie/mics tab:
•

Import raw movies/micrographs? Yes

•

Raw input files: Micrographs/*.mrcs (*.mrcs imports all the files with the extension
.mrcs which is the file type for our micrograph movie).

•

Are these multi-frame movies? Yes (Ours were, but it depends on what kind of format
we record our micrographs in).

•

Optics group name: opticsGroup1 (We just had one set of data with the same settings
so I just left it at default).

•

MTF of the detector: ______ (I left this blank but the MTF file for most of the known
detectors can be downloaded from the RELION Wiki. Download it and then save it in
a familiar location and select the file for this part or can be left empty; the overall results
aren’t significantly impacted but it could be helpful if you choose to use this feature).

•

Pixel size (Angstrom): 0.84 (This value is what we get when we set up the microscope
while we set up data collection in our microscope).

•

Voltage (kV): 300

•

Spherical aberration (mm):

•

Amplitude contrast:

•

Beamtilt in X (mrad): 0

•

Beamtitle in Y (mrad): 0

On the Others tab:
• Import other node types?: No
After all this is set up, we run the Import job and get an output file in our project directory
and is named something like Import/job001/movies.star. With every job we process, the job
number increases and the files created in one job are usually used as input for the next job
or sometimes multiple jobs are used as input for the next job.

Giving alias to the job to keep track of what is happening can help to avoid confusion in the
future steps as the number of steps starts to increase, and we’ll have to work with multiple
jobs of the same type.
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1.

Beam Induced Motion Correction:

In order to run the Beam Induced Motion Correction, I used the output file from the Import
job as input. While most values were left in default as it works for most scenarios in RELION
and the only values that were necessary for me to change were:
In the I/O tab:
•

Dose per frame (e/A2): 1

In the Motion tab:
•

Gain-reference image: Micrographs/gain.mrc (this file is generated by the microscope
during the first few minutes of data collection and can usually befound within the
Micrograph folder).

2.

CTF estimation:

After the micrographs are motion corrected, we will estimate their CTF parameters.
We use the corrected_micrographs.star file which is the output from the motion correction.
The two different implementations to estimate CTF in RELION are the CTFFIND 4.1 and
GCTF.
For our data CTFFIND 4.1 was used with all the default values.

3.

Subset Selection:

After the CTFs of the micrographs were estimated, the micrographs were sorted based on
their CTF values and then only the Micrographs with CTF 3.0 Å or lower were taken for
further processing. We selected a total of 2200 micrographs out of 3199 micrographs after
filtering the micrographs based on their CTF values. This was done through the Subset
selection job.

Also 210 micrographs were chosen for the initial particle picking just to speed the process
and make a few templates for the particle picker before picking particles for the entire
dataset. This was done to avoid the inclusion of a higher number of junk particles, which
could lead to a lot of noise and lowering of the resolution of our final structure.

4.

LoG-based auto-picking:

Because of the size of our particles, it becomes very tedious and hard to pick particles
manually; therefore, auto-picking was done in the 210 micrographs that were chosen in order
to pick particles. The following settings were used:
72

In the Laplacian tab:
•

Min. diameter for LoG filter (Å): 80

•

Max. diameter for LoG filter (A): 150

In the autopicking tab:
•

Picking threshold: 0.8 (The higher the picking threshold the fewer junk particles will be
picked, but as we are just starting and have fewer of micrographs to work with, it
wouldn’t affect much at this point.

•

Minimum inter-particle distance (Å): 75

•

Maximum stddev noise: 1.1
After running the job we obtained 156,711 particles from the 210 micrographs. On
average there were 746 particles per micrograph.

5.

Particle Extraction:

The particles from the 210 micrographs were then extracted using the Particle Extraction
Job.
The following settings were used at this stage:
In the extract tab:
•

Particle box size (pix): 360

•

Rescale particles?: Yes

•

Re-scaled size (pixels): 90 (Rescaling the particles will help in significantly reducing
the processing speed and give us results much faster than using particles at 360 pixels).

After running the extract job, we obtained our extracted particles which were now at 3.36
Ångstrom/pixel.

6.

2D classification:

Now with the extracted particles we ran 2D classes to see the quality of our picked particles.
The obtained 2D classes will also be used as a template to pick newer particles from all the
2200 micrographs that we had initially filtered based on their CTF.

The only changes that were made in this process was that the number of classes was changed
to 50 in the optimization tabs to obtain as many classes as possible and the mask diameter
was changed to 180 Å in the same tab.
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After running the job we obtained 50 different classes, out of which most of them were junk
(Figure A2).

Figure A2: Initial 2D classification from 200 micrographs

The subset selection job was used again and only the probable classes that looked well
defined and had less noise were chosen. A total of 8 out of the 50 classes were chosen for
the next step (Figure A3).

Figure A3: Selected 2D classes from the initial 2D classification
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7.

Template based auto-picking:

Now that we have a few 2D classes we use these as a template to pick particles from the
2200 micrographs that we have. In order to do that, the same job Auto-picking was used.
Some of the changes made in this step that were different in the previous particle picking is
that in the previous step, the software picked everything that matched our range of 80–150
Å which might look like a particle and therefore, there was much more noise and more junk
particles picked, which was visible in the 2D classes. But in this step the 2D classes which
we selected will be used as a template, therefore avoiding most of the junk particles that
were picked in the previous step.

In order to run a template based picking we use change a few settings compared to our
previous step.

In the I/O tab:
•

2D references: we input the file of the subset selection where we picked the 8 different
classes.

•

OR: use Laplacian-of-Gaussian?: No

In the References tab:
•

Pixel size in references (Å): 3.36 (This is because during extraction we extracted them
by shrinking our box size by 4 times, so the pixel size has to be 4 x 0.84).
After the job had successfully run, a total of 1,634,677 particles were obtained from
2200 micrographs.

The obtained particles from the Template based auto-picking were again extracted and the
2D classification was run with 50 classes as before. For the initial run, the extraction was
again done by downsizing the particles to 90 pixels to speed up calculations significantly.
After running the 2D classification we had 6 good classes out of the 50 classes with 509,809
particles (Figure A4).
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Figure A4: Selected 2D classes after template-based auto-picking initiall.y

These classes were used to re-extract the particles. They were then extracted by re-scaling
the pixel size to 180 pixels instead of 90 pixels. To do this we used the Particle extraction
job and then used the settings:

In the I/O tab:
•

OR re-extract from refined particles?: Yes

•

Refined particles STAR file: The selected 2D classes from the previous job

In the Extract tab:
•

Re-scaled pixel size (pixels): 180

After running this extraction, we again ran the 2D classification. This time because we use
Refined particles to extract the particles, the number of 2D classes improved significantly
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(Figure A5).

We obtained 21 classes that were significantly better and also in these classes we can see the

Figure A5: 2D classes after re-extraction

secondary structures have started to appear as well (Figure A6). A total of 319,119 particles
were obtained at this stage.

Figure A6: Selected 2D classes after re-extraction

We then use these 2D classes to re-extract our particles one more time and this time we did
not rescale the particle size. This will be the last extraction we will be doing. So in the extract
tab of the Particle extraction job, we simply put the re-extract particle option as No and
continue.
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After the particles were finished extracting, we again ran 2D classification, this time 75
classes were used as the number of 2D classes and a total of 46 classes were selected (Figure
A7). The total number of particles in these 46 classes was 268,767.

Figure A7: Selected 2D classes from the final 2D classification

8.

3D Initial Model:

Using all the classes we obtained from our final run of 2D classifications, we run the 3D
initial model job. This helps to yield a low-resolution model which we can initially use to
observe our model and also later use for 3D classification or 3D refinement (figure A8).

A lot of this is done unsupervised by the algorithm given that our 2D classes have reasonably
well distributed viewing directions and lower CTFs. The only thing that was changed from
the default value was to set the Mask diameter (Å) to 180 in the optimization tab of the 3D
Initial Model job.
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Figure A8: Initial Model at 15Å

At this stage, we get a blob which appears to have a similarity in the structure of the clamp
loader complex. This structure is at low resolution at 15 Å. We can however, see the features
of the clamp loader and the dsDNA present in the middle of the complex at this stage.

9.

3D auto-refine:

The 3D auto-refine job provides an unsupervised way of refining the 3D initial model and
gives us a much better resolution than our initial 15 Å resolution. The 3D auto-refine job
was used and all default settings were used except the size of the mask was changed to 200
Å in the Optimization tab. The inputs in the I/O tab for the Image STAR file as well as the
Reference Map were obtained by selecting files from the previous job.

10. 3D classification:
3D classification helps to find the states that the protein complex might be present in. As the
protein is dynamic and is frozen in its native state there might have been different
conformations of the protein while it was in the process of freezing of the sample solution.
This means that provided we have enough particles of each view, we can get various
structures of the same proteins in different conformations. It is also one of the ways to filter
any remaining junk particles that might have been missed during the 2D classification.
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For the 3D classification all the default settings were used with the number of classes in the
Optimization tab set to 4.

After obtaining the 4 classes, the first 2 classes were chosen with a total of 210,979 particles.
The 4 classes and their resolutions as well as particle counts can be found in the workflow
diagram (Figure 3.1).

The 2 classes were selected using Subset selection job and then an initial model was created
and again a 3D auto-refine job was run on the obtained model.

11. Mask creation:
A mask was created around the structure we obtained to remove the excess noise and help
with obtaining better resolution of the map. The refined map was first opened in CHIMERA
and the threshold of the map was set to the area in which no extra “dust” or density was
visible around the main density. Then that threshold was then used to create the mask.

All the values were left to default and in the Mask tab:
•

Initial binarization threshold: 0.00411

The job was then run and the mask created was used in a Post-processing job with the earlier
refined 3D model.

12. CTF Refinement:
Next the CTF refinement was performed to estimate the asymmetrical and symmetrical
aberration in the dataset. The CTF refinement can lead to further improvement in the
resolution at minor computational cost.

12.1

Higher-order aberrations

The CTF refinement job was first used to calculate the higher order aberration. The inputs
used are the outputs from the previous 3D auto-refine and postprocessing jobs.

In the Fit tab:
•

Estimate (anisotropic) magnification? No

•

Perform CTF parameter fitting? No
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•

Estimate beam tilt? Yes

•

Also estimate trefoil? Yes

•

Estimate 4th order aberrations? Yes
With these set in the Fit tab the job was run and the outputs were then used for the other
step.

12.2

Anisotropic magnification

Now we check to see if the data suffer from anisotropic magnification. The output from the
previous CTF refine job is used as input for this job and then in the Fit tab:
•

Estimate (anisotropic) magnification? Yes
(This deactivates most of the other options so everything else is at default).

•

Minimum resolution for fits (Å): 30
(This is by default).

The job is run and then the output from this job is again used as an input for the final CTF
refinement job.

12.3

Per-particle defocus values

The defocus values for each particle is then re-estimated. Using the same CTF refinement
job, we use the output from the previous job as the input in this job. And in the Fit tab:
•

Estimate (anisotropic) magnification? No

•

Perform CTF parameter fitting? Yes

•

Fit defocus? Per-particle

•

Fit astigmatism? Per-micrograph

•

Fit B-factor? No

•

Fit phase-shift? No

•

Estimate beamtilt? No

•

Estimate 4th order aberrations? No

The job is then run and the defocus values for each micrograph are plotted by the colour for
each micrograph in the logfile.pdf file which can be accessed from the outputs.

The 3D auto-refine and Postprocessing is re-run at this stage one more time. The resolution
improved from 3.25 to 3.08 Å by running CTF refinement.
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13. Bayesian polishing:
The Bayesian polishing in RELION uses a Bayesian approach to per-particle referencebased beam-induced motion correction, which helps to further helps in improving the
resolution.

13.1

Training mode

First only a small set of particles are polished rather than running the polishing on all the
particles to help the program estimate the parameters that yield the best motion tracks for
this particular data. In the I/O tab all the inputs are from the latest jobs depending on the
kind of input we want to enter and the particles from the CTF refinement job.

In the Train tab:
•

Train optimal parameters? Yes

•

Fraction of Fourier pixels for testing? 0.5 (Default)

•

Use this many particles: 8000
In the Polish tab:

•

Perform particle polishing? No

The job is then run and once finished it is then used to carry out polishing of all particles.

13.2

Running in polishing mode

After the training mode is done, all the parameters in the I/O tabs are left the same and on
the Train tab the training mode is switched off. Then in the Polish tab:
•

Perform particle polishing? Yes

•

Optimized parameter file: (This is an output .txt file and can be found in the output
folder for the training job)
All the other parameters are default values.

After polishing the signal to noise ratios in the particles have improved. The output is a
STAR file with the polished particle which is called shiny.star.

The output file is then used to run another 3D auto-refine and Post-processing job which
then gives us the final map of the clamp loader complex at 2.8 Å resolution.
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14. Local resolution estimation:
The estimated resolution in the Post-processing job is the global estimate and the cryo-EM
map has a variation of resolution throughout the map.
The inputs were the latest job’s output as well and the calibrated pixel size was set to 0.84
Å on the I/O tab.
Then in the ResMap tab the option Use ResMap? was set to No.
On the RELION tab:
•

Use Relion? Yes

•

User-provided B-factor: –50

The output of this job is a local resolution file which can be then used to colour the map
using CHIMERA and also make a colour key accordingly.

This can be done by going to CHIMERA, opening the Map file, then opening the local
resolution file. Then Hide the local resolution file. Then go to Tools and then to Volume
Data to Surface Color and then select color by Volume data value and select the local
resolution file.

The obtained map can now be viewed in CHIMERA and be used to build an atomic model
using other software like PHENIX, COOT, etc., as explained in Appendix 2.
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Appendix 2
Building a Model Using PHENIX and COOT
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To build the model of the clamp loader complex into the cryo-EM map obtained from
processing in RELION (Appendix 1), we used Phenix (Version 1.19.1) and COOT (Version
0.9.4).

Phenix was mostly automated and required only input files and would provide an output,
whereas COOT was used to curate the structure and make sure everything was in the right
place more manually.
To begin with, a previous structure of the full clamp loader was used, which was obtained
from A/Prof. Aaron Oakley. The map file from the cryo-EM 3D reconstruction was used as
another input. The tool “Dock in Map” was used which was under the Cryo-EM option in
the right hand side of the Phenix GUI (Figure A2.1).

Figure A2.1: The Phenix GUI

The inputs for this job were the model PDB file and the cryo-EM map file. One of the
parameters Quick was set to False. This was done by going to Parameters -> Search
Parameters -> Type Quick -> Turn Quick Off.
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The resolution was set to 3 Å, and the job was run.

After the job was run, a new output file was generated which was the model of the clamp
loader fitted into the map, i.e., the same PDB file with changed coordinates in line with the
map file.

We then use the same map file and the newly generated output PDB file from PHENIX and
opened them both in COOT.

In COOT, we can now see that both the map and the model of the clamp loader complex are
aligned with each other and can be overlaid (Figure A2.2).

Figure A2.2: COOT GUI with the model as well as the map of the clamp loader overlaid.

The whole model is then manually inspected for any improper fit or missed fit within the
map. This is done by first bringing up the sequence of the model and going through every
amino acid one by one and on every chain. If there are any imperfect fits in the model, the
tool “Real-Space Refine Zone” (Figure A2.3) is used to try to fit the chains into the volume
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to create a better fit. This is done throughout the whole sequence of all of the chains.

Figure A2.3: Using “Real space refine” tool to manually fit the model into the map.

Once the whole sequence has been manually curated and fitted, the final PDB file which is
saved is then used again in PHENIX. There are also other tools like “Rotamers”, “Mutate
Residue”, “Delete Residue” and many more which can be used, but the model I was using
only required the use of the “Real-Space Refine Zone” in most of the cases and only a few
areas in which I had to use “Rotamers” to be able to get a perfect fit. Only those few tools
were used in this case.

The model after manually fitting through the whole sequence was then used again in
PHENIX and under the Cryo-EM category, “Real-space refinement” was used. The inputs
for these were the final file obtained from COOT after the manual fitting and then the cryoEM map file.

The model was obtained after the refinement.
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